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Mechanical activation was successfully developed to synthesize double perovskite 
Sr2FeMoO6. The effects of mechanical activation and heat-treatment temperature on 
the phase formation, magnetic and magnetoresistive behaviors of Sr2FeMoO6 were 
investigated, by using both MoO3 and MoO2 as the starting materials. The effects of 
Ni doping on the B-site ordering and magnetic properties of Sr2FeMoO6 were 
systematically studied. Rietveld refinement method was used to perform quantitative 
analysis on the B-site order in double perovskite Sr2FeMoO6.  
 
Sr2FeMoO6 with minimal level of SrMoO4 impurity was synthesized by mechanical 
activation of SrO, Fe2O3 and MoO3 in a nitrogen atmosphere. Double perovskite 
Sr2FeMoO6 of single phase was realized at 700 °C in flowing 5% H2/Ar, which is 
∼200 °C lower than what is required in the conventional solid state reaction. The 
polycrystalline Sr2FeMoO6 exhibited an average crystallite size in the range of 30 to 
50 nm. Magnetization of thus derived Sr2FeMoO6 increases when the temperature was 
raised from 700 °C to 900 °C. Magnetoresistance of MoO3-based Sr2FeMoO6 also 
increases with the increase in heat-treatment temperature, which is attributed to the 
elimination of insulating SrMoO4 impurity and enhancement in B-site ordering.    
 





was successfully synthesized in air by mechanical activation for the first time. Due to 
the effective elimination of nonmagnetic SrMoO4 impurity, magnetization of 
MoO2-based Sr2FeMoO6 increases when increasing mechanical activation time. 
Similarly, MR effect also increases with increasing mechanical activation time up to 
25 hours, due to the elimination of SrMoO4 impurity phase and the refinement in 
grain size. However, too long a mechanical activation time led to excess 
contamination by Fe and thus reduced the MR effect of Sr2FeMoO6. B-site order in 
MoO2-based Sr2FeMoO6 was systematically enhanced by increasing sintering 
temperature in the range of 800 °C to 1100 °C. Consequently, the magnetization is 
significantly enhanced by high temperature sintering. Magnetoresistance of 
MoO2-based Sr2FeMoO6 sintered at temperatures ranging from 800 °C to 1100 °C 
also increases with the increase in sintering temperature, which can be ascribed to the 
increase in B-site long-range order. 
 
Polycrystalline Sr2(Fe1-xNix)MoO6 (0.0 ≤ x ≤ 0.02) of double perovskite structure was 
successfully synthesized via mechanical activation. The long-range order parameter S 
among octahedral B sites is significantly enhanced by Ni doping, from S = 0.584 for x 
= 0 to S = 0.932 for x = 0.20. The B-site ordering results in a reduction in the lattice 
dimensions as well as an increase in the lattice tetragonal distortion. Ni-doped 
Sr2FeMoO6 exhibits a linearly increasing magnetization at room temperature with the 
increasing level of Ni doping and thus the degree of B-site ordering. The Curie 





411 K for x = 0 to Tc = 432 K for x = 0.20, which is attributed to the enhancement in 
B-site ordering and magnetic interactions.
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Chapter 1 Introduction 
 
1.1 Magnetoresistance  
 
In 1857, William Thomson observed that the resistance of iron changed when it was 
magnetized [1]. This property, where the electrical resistance of a metal changes with 
an applied magnetic field is known as magnetoresistance (MR). Since then, many 
materials have been found to exhibit MR effect. Classically, the MR effect depends on 
both the strength of the magnetic field and relative direction of the magnetic field with 
respect to the current. Four distinct types of MR will be reviewed in this chapter: 
Anisotropic MR (AMR), Giant MR (GMR), Tunneling MR (TMR) and Colossal MR 
(CMR). 
 
1.1.1 Anisotropic Magnetoresistance (AMR) 
 
AMR, a variation of resistivity with the angle between the current and magnetic field, 
is observed in ferromagnetic metals and alloys. It is an intrinsic property related to the 
spin orbit coupling [2]. The electron cloud about each nucleus deforms slightly as the 
direction of the magnetization rotates, and this deformation changes the amount of 
scattering undergone by the conduction electrons when traversing the lattice. The 




importance of AMR effect was recognized in the 1970s when a large AMR was found 
in a number of alloys based on iron, cobalt, and nickel [3]. The materials exhibiting a 
normal AMR effect show a maximum resistivity when the current is parallel to the 
magnetization direction (ρ⁄⁄) and a minimum resistivity when the current is 
perpendicular to the magnetization direction (ρ⊥). A measure of the magnitude for this 




ρρ ⊥−=MR  
The magnitude of AMR is usually on the order of ∼1%. However, magnetization in 
thin films may be easily switched to produce the resistance change. AMR thin films, 
such as NiFe permalloy, were successfully used as magnetoresistive sensor in the read 
heads of magnetic disk drives in computers [4]. However, the AMR sensor has been 
gradually replaced by the more advanced GMR sensor, which was first introduced 
into hard disk drives by IBM in 1997.   
 
1.1.2 Giant Magnetoresistance (GMR) 
 
GMR is an extrinsic property related to the thin-film multilayers of magnetic and 
normal metals. GMR effect was discovered by Baibich et al [5] in 1988, in 
antiferromagnetically coupled multilayers of Fe/Cr. The effect is conventionally 
explained in terms of spin dependent scattering, as illustrated in Figure 1.1. GMR is a 
very large change in electrical resistance that is observed in a ferromagnet/paramagnet 




multilayer structure, when the relative orientations of the magnetic moments in 
alternate ferromagnetic layers change as a function of applied field. GMR is the 
dependence of the electrical resistivity of electrons in a magnetic metal on the 
direction of the electron spin, either parallel or antiparallel to the magnetic moment of 
the films. Electrons that have a parallel spin undergo less scattering and therefore 
have a lower resistance. When the moments of magnetic layers (NiFe in Figure 1.1) 
are antiparallel at low field, there are no electrons which have a low scattering rate in 
both magnetic layers, causing an increased resistance. At applied magnetic fields 
where the moments of the magnetic layers are aligned, electrons with their spins 
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Different from AMR, GMR is independent of the direction of the magnetic field, but 
the effect is greater in the current-perpendicular-to-plane (CPP) mode. GMR ratio can 
be defined as  
AP
PAPGMR ρ
ρρ −=  
where ρAP and ρP denote the resistivities when the configuration of ferromagnetic 
layers is in the antiparallel and parallel directions, respectively. While GMR values 
are usually on the order of ∼50%, MR effect of as high as 80% was found for the 
Co/Cu multilayer at room temperature [6]. This represents a milestone in magnetic 
recording technology, where most read heads now make use of the GMR sensors.    
 
1.1.3 Tunneling Magnetoresistance (TMR) 
 
TMR is also a type of extrinsic negative MR, arising in magnetic tunnel junction 
(MTJ) structures where ferromagnetic layers (electrodes) are separated by thin 
insulating layers (barrier). The key difference between GMR and TMR is that the 
electrical conduction in the former is based on the spin-dependent scattering effect, 
both inside the ferromagnetic layers and at the ferromagnetic/nonmagnetic interfaces, 
while that in the latter is based on spin-dependent quantum mechanical tunneling 
across a thin potential barrier. Typically, these barriers are made of Al2O3 about 5nm 
thick separating layers of the 3d ferromagnets or their alloys whose relative magnetic 
orientation can be changed by a small applied field [7]. Electrons can tunnel between 




the electrodes and spin is conserved in the tunneling process. In the parallel 
configuration, the tunneling is from majority (either up-spin or down-spin) to majority 
spin states and from minority to minority spin states. In the antiparallel configuration, 
it is from majority to minority spin states and vice-versa. This leads to different values 
of the tunnel resistance in the parallel and antiparallel configurations. The TMR may 
be very large (~90%) at low temperatures [8]. In the past few years, a tremendous 
amount of efforts has been devoted to the development of magnetic tunnel junctions 
and their applications in read heads and magnetic random access memory [9, 10].  
 
1.1.4 Colossal Magnetoresistance (CMR) 
 
The intrinsic CMR effect has been recently discovered in certain ferromagnetic oxides. 
In 1994, Jin et al [11] found a very large negative isotropic MR effect in the thin films 
of perovskite manganese oxide La2/3Ca1/3MnO3. The term colossal has arisen from the 
huge effects observed, on the order of ∆R/R(H) = 125,000%. If normalized to the zero 
field values, the resistance changes by 99.9%. Later, a similar effect was observed in 
other perovskite manganites in the form of Re1-xAxMnO3, where Re stands for a rare 
earth ion such as La, Nd, Pr or Gd, and A denotes a divalent alkaline ion, such as Ca, 
Sr or Ba. Depending on doping, the manganites show a complex magnetic phase 
diagram [12-15]. These materials undergo a metal-insulator transition accompanied 
by the transition from paramagnetic to ferromagnetic at the Curie temperature Tc. The 




CMR effect is normally restricted to a limited range of temperature near Tc. 
 
The mechanism for magnetoresistance in mananites is distinctly different from that in 
the GMR multilayer systems. The CMR effect is usually understood within the 
double-exchange (DE) model, which was first proposed by Zener [16], to explain the 
concurrent occurrence of the electrical and magnetic phase transitions. In the 
perovskite structure, the Mn ions are located on a simple cubic lattice, whereas 
oxygens occupy the centers of the cube edges and the rare earth ion or divalent dopant 
is located at the cube centre. Thus, the Mn ions are in an octahedral oxygen 
coordination and the Mn–O–Mn bond angle is 180◦. According to the 
double-exchange model, it is assumed that charge transport occurs on the Mn–O 
sublattice, whereas the rare earth and alkaline earth ions act only as a charge reservoir. 
In the parent compound LaMnO3, the manganese ion is in a trivalent oxidation state 
Mn3+ with electronic structure 3d4. On doping with a divalent ion on the rare earth site, 
i.e. Re1−xAxMnO3, they become mixed valent with manganese fractions x in the 
tetravalent state Mn4+ (3d3) and (1 − x) in the trivalent state Mn3+ (3d4). In the DE 
picture a cluster forms from an oxygen and two Mn ions, one in the trivalent and one 
in the tetravalent state. The basic idea of double exchange is that the configurations 
Mn3+–O–Mn4+ and Mn4+–O–Mn3+ are degenerate leading to a delocalization of the 
hole on the Mn4+ site. The transfer of a hole occurs simultaneously from Mn4+ to O 
and from O toMn3+; this process is a real charge transfer process and involves overlap 
integrals between Mn and O orbitals.  




Today the DE picture still represents a fundamental understanding to explain the 
CMR effect in doped manganites. However, more recent research also revealed that a 
strong interplay among the spin, charge and lattice systems exists in the CMR 
compounds and the interplay is of significant relevance to the CMR effect. Therefore, 
it is now generally accepted that the real mechanism for CMR manganites is much 
more complicated than the simplest DE scheme [17].  
 
1.2 Limitations of CMR Manganites  
 
Manganites have been extensively studied and been found to display a rich phase 
diagram as a function of temperature, magnetic field and doping that is due to the 
intricate interplay of charge, spin, orbital and lattice degrees of freedom. While the 
investigation into doped manganites has been most rewarding in terms of various 
fundamental issues, there are two main factors that undermine their widespread 
applications. These are the low temperature and the high magnetic field usually 
required to have an appreciable negative magnetoresistance response from these 
compounds. The CMR effect is found far below room temperature and on a magnetic 
field scale of several teslas, which is not very appealing for practical device 
applications. Accordingly, investigations have been focused on the room temperature 
and low field magnetoresistance effects found in other magnetic oxides [18, 19]. To a 
large extent, this is driven by the rapid increase of data storage density in magnetic 




storage devices. Since read heads for hard disk drives employ magnetoresistive 
read-out techniques, progressive miniaturization of sensors requires materials or 
heterostructures with increasing magnetoresistive effect. The development of hard 
disk storage media is currently very rapid with a doubling of storage density about 
every nine months. Therefore, the need for more efficient magnetoresistive sensors 
will persist in the near future. It is clear that room-temperature performance is the 
most vital criterion in judging a new magnetoresistive material. 
 
Since the CMR effect is most significant close to the magnetic ordering temperatures, 
there has been an intense search for compounds with magnetic ordering temperatures 
substantially higher than the Tc (~200-360 K) in manganites. It has been recently  
reported that Sr2FeMoO6, an ordered double perovskite of the general formula  
A2B’B”O6 and containing no manganese, exhibits a pronounced negative MR at  
lower magnetic fields and higher temperatures as compared to the doped manganites 
[20].  The reason for the improved MR property in this compound arises primarily 
from the fact that Sr2FeMoO6 has a surprisingly high magnetic ordering temperature 
(~415 K) [20, 21], as compared with manganites. Demonstrating both low-field 
magnetoresistance and room temperature magnetoresistance, Sr2FeMoO6 is widely 
considered as a serious alternative to the much investigated manganese perovskites. 
The double perovskite compounds have attracted much interest and been taken as 
promising candidates as the materials suitable for practical device applications, such 
as in spintronics devices and bulk magnetic sensors.   




1.3 Double Perovskite Sr2FeMoO6  
 
Compounds of the formula A2B’B”O6 tend to adopt the perovskite structure when A is 
a large cation capable of 12-fold coordination with oxygen while B’ and B” are 
smaller cations suitable for octahedral coordination. If the difference in charge of the 
B’ and B” cations is large, these ions assume an ordered arrangement in the perovskite 
lattice. The family of ordered double perovskites A2B’B”O6, where A is a divalent 
alkaline earth cations (A= Ca, Sr, Ba) and B’ and B” are typically heterovalent 
transition metals (such as, B’=Fe, Cr, Co, … and B”=Mo, Re, W, …), have been 
studied since the 1960s [22-24], due to their wide-ranging electronic properties that 
can be developed as a function of variation in composition, oxidation state, chemical 
cation order and structural distortion. Recently, a resurgence of interest in these 
materials has been driven by a report of room temperature magnetoresistance in 
Sr2FeMoO6 [20]. Besides the technologically desirable attributes of a more 
pronounced MR response at higher temperatures, there are many intriguing issues of 
fundamental importance concerning the electronic and magnetic structures of this 
compound. The most unexpected property of Sr2FeMoO6 is the occurrence of such a 
high magnetic transition temperature. It is unusual in view of the fact that the 
magnetic Fe ions are separated far apart in this compound, thereby suggesting a weak 
magnetic interaction. Moreover, such interactions between 3d ions mediated via other 
nonmagnetic ions are expected to be antiferromagnetic due to the superexchange 
mechanism. This expectation is supported by the observation of an antiferromagnetic 




ground state of the closely related system Sr2FeWO6 with a Neel temperature of TN ≈ 
37 K [25]. Thus, a Tc of about 415 K in Sr2FeMoO6, which is even higher than that in 
the manganites, suggests a novel origin of magnetism in this compound.  
 
It is important to note that there are several other examples of both ferrimagnetic and 
antiferromagnetic compounds within the A2B’B”O6 double perovskite family. For 
example, Sr2FeReO6 and Sr2CrMoO6 are ferrimagnetic, while Sr2NiMoO6 and 
Sr2CoMoO6 are antiferromagnetic [28–30, 32]. The crystal structure and magnetic 
properties of selected A2B’B”O6 compounds are summarized and compared in Table 
1.1. Thus, an explanation of the magnetic structure of Sr2FeMoO6 must also be 
consistent with such diverse properties observed within double perovskite oxide 
systems. There are several other issues concerning the electronic and magnetic 
structures of this compound that are still controversial and we will review and discuss 
some of these in the following parts.  
 
1.3.1 Crystal Structure and Electronic Structure 
 
Below Curie temperature, Sr2FeMoO6 exhibits a body-centered tetragonal structure 
with the space group of I4/mmm [26] or I4/m [27] and lattice constants a = b = 5.57 Å 
and c = 7.90 Å. The oxygens surrounding the Fe and Mo sites provide the octahedral 
environment. The FeO6 and MoO6 octahedra alternate along the three cubic axes,       






















Sr2FeMoO6 Tetragonal I4/m 
I4/mmm
5.57  7.90 415 FIM 20, 26, 27
Ca2FeMoO6 Monoclinic P21/n 5.41 5.52 7.71 365 FIM 33, 34 
Ba2FeMoO6 Cubic Fm3m 8.06   367 FIM 35 
Sr2CrMoO6 Cubic Fm3m 7.82   300 FIM 28 
Sr2CoMoO6 Tetragonal I4/m 5.56  7.95 37 AFM 29 
Sr2NiMoO6 Tetragonal I4/m 5.55  7.89 81 AFM 30 
Sr2MnMoO6 Cubic Fm3m 8.00   12 AFM 31 
Sr2FeReO6 Cubic Fm3m 7.89   401 FIM 32, 36 
Sr2FeWO6 Monoclinic P21/n 5.65 5.61 7.94 40 AFM 37, 38 
Sr2CrWO6 Cubic Fm3m 7.82   458 FIM 39 
a FIM: Ferrimagnetic, AFM: Antiferromagnetic 
 
while Sr atoms occupy the hollow formed by the corners of FeO6 and MoO6 octahedra 
at the body-centered positions. The structure can be described as a small tetragonal 
distortion along c axis from the ideal cubic structure. Figure1.2 shows a schematic 
figure of the crystal structure. To simply the view, only Fe, Mo, and O atoms are 
shown. The alternate positioning of transition-metal Fe and Mo sites is evident from 
this figure. Around Tc, a tetragonal-to-cubic transition concomitant with the 
ferromagnetic-to-paramagnetic transition has been recently described for Sr2FeMoO6 













Figure 1.2 Schematic of Sr2FeMoO6 structure [41]. Only a few of oxygen atoms are 
shown for clarity, while the Sr atoms at the body-centre positions are not shown. 
 
Before proceeding to discuss the electronic structure of Sr2FeMo6, a brief introduction 
is given to the concepts of spin polarization and half-metallicity. In a ferromagnetic 




metal, such as Fe, Co, or Ni, the exchange energy splits the conduction band into 
majority and minority carrier bands, resulting in a spin imbalance at the Fermi level. 
The value of the spin polarization, P, depends on the extent to which the conduction 








where Nσ (σ = ↑, ↓) are the spin-dependent density of states at the Fermi level for 
electrons with spin σ. The transition metal ferromagnets and their alloys are found to 
be partially spin-polarized and have P values typically in the range of 25-40%. In the 
ultimate limit of complete spin polarization of the conduction electrons at the Fermi 
level, one electron spin has a band gap at the Fermi level, whereas the Fermi level 
intersects the band for the other electron spin. Magnetic materials with such band 
characteristics are termed half-metallic. Half-metallic behavior has been predicted for 
a variety of materials, most notably metallic oxide ferromagnets that have 
predominately d orbital character at the Fermi level. In most cases, ideal half-metallic 
behavior is expected only at low temperatures where thermal excitation of magnons is 
weak, and a significant gap exists for one electron spin. The value of P usually 
decreases with increasing temperature.  
 
Extensive band structure calculations have been carried out to understand the 
electronic and magnetic structures of Sr2FeMoO6 [20, 41, 43]. The results of a typical 
calculation of the density of states (DOS) with majority ‘up’ and minority ‘down’ 
spins as well as the local density of states for the elements, done by Kobayashi et al 




[20], are shown in Figure 1.3. Inspection of the figure quickly reveals the 
half-metallic nature of the ground state of this compound: the density of states for the 
down-spin band is present at the Fermi level, whereas the up-spin band forms a gap at 
the Fermi level. The occupied up-spin band is mainly composed of Fe 3d electrons 
hybridized with oxygen 2p states and much less of the Mo 4d electrons. The nominal 
Mo t2g and eg up-spin bands are above the Fermi level. By contrast, the down-spin 
band is mainly occupied by oxygen 2p states and around the Fermi level by both the 
Mo 4d t2g and Fe 3d t2g electrons, which are strongly hybridized with oxygen 2p states. 
Such a half-metallic nature gives rise to 100% spin-polarized charge carriers in the 
ground state. In view of the fairly high Tc (410-450 K), Kobayashi et al [20] 
suggested that the unusually high spin polarization should be realized even around 
room temperature, which makes this compound intriguing in the light of possible 





















Figure 1.3 The density of states (DOS) of double perovskite Sr2FeMoO6 (Kobayashi 
et al [20]). 
 




1.3.2 Magnetic Structure 
 
Based on the band structure, it has been suggested [20] that Sr2FeMoO6 is a 
ferrimagnet and consists of Fe3+ 3d5 (S = 5/2) and Mo5+ 4d1 (S = 1/2) ions alternating 
on the perovskite B sites. The Fe and Mo sublattices are ferromagnetically coupled 
within each sublattice, while the two sublattices are supposed to be 
antiferromagnetically coupled to give rise to an S = 2 state. However, there appear to 
be some controversies concerning the real magnetic nature and cation valence state of 
this compound. Recent neutron-powder diffraction, Mossbauer spectroscopy and 
x-ray diffraction studies yield the following picture regarding the magnetic structure 
of Sr2FeMoO6.  
 
The first Mossbauer investigation by Pinsard-Gaudart et al [44] on Ca2MoFeO6 
showed a formal Fe3+/Mo5+ charge configuration. Fe3+ (3d5) ions are in a high-spin 
state with µFe = 5 µB and the Mo5+ (4d1) ion has a magnetic moment µMo = µB, such 
that a net moment of 4µB results. Neutron diffraction data, however, indicates a 
reduced magnetic moment between 0∼0.5 µB on the Mo site coupled 
antiferromagnetically to Fe moment of magnitude µFe = 3.7 ∼ 4.3 µB [27, 34, 45]. By 
employing site-specific X-ray absorption spectroscopy, Ray et al [46] established that 
Fe is in the formal trivalent state, while the moment at the Mo sties is below the 
detection limit (< 0.25 µB). Further more, both Moossbauer spectroscopy [47] and Fe 
K- and L-edge XANES data [48] indicate a mixed-valence  or “valence-fluctuation” 




state of II/III, having its origin in the fact that the itinerant 4d1 electron of formally 
pentavalent Mo transfers part of its charge and spin density to formally trivalent Fe 
[33, 49]. In line with the II/III valence state of Fe, an NMR study suggested a 
mixed-valence state of V/VI for Mo [50]. This is in agreement with the reduced 
magnetic moment on the Mo site. A saturation magnetization (MS) of 4 µB per 
formula unit is also expected on the basis of antiferromagnetic coupling between 
high-spin Fe2.5 (3d5.5, S = 2.25) and Mo5.5 (4d0.5, S = 0.25). However, the magnitude of 
MS is not inherent of the mixed-valence concept, since the same value would follow 
even if one assumes antiferromagnetically coupled Fe3+ (3d5, S = 2.5) and Mo5+ (4d1, 
S = 0.5), or even Fe2+ (3d6, S = 2) and Mo6+ (4d0, S = 0), the least feasible 
configuration with ferromagnetic coupling between the Fe2+species.  
 
However, the low-temperature magnetic moment for single-phase Sr2FeMoO6 
samples as determined from global magnetization is often found to be considerably 
reduced from the ideal value of 4 µB to about 3–3.7 µB [20, 51]. This has been 
attributed to cation disorder on the Fe/Mo sites, which, often termed as anti-site 
disorder defects, means a certain amount of Fe atoms being misplaced at the Mo site 
and to the same amount of Mo at the Fe sites [20, 50, 51]. Existence of anti-site Fe 
atoms was clearly visible in the Mossbauer spectra [47, 52] and neutron powder 
diffraction [40] of Sr2FeMoO6. The drop in the magnetic moment is nearly linear with 
the increase in the anti-site defects concentration for the case of randomly created 
defects. Early Monte Carlo simulations by Ogale et al [53] predicted a linear 




reduction of both saturation magnetization and Curie temperature as a function of the 
anti-site disorder, which could account for some of the observations that have been 
experimentally made. Balcells et al [51] observed a decrease of the saturation 
magnetization proportional to the anti-site concentration. The magnetization is 
reduced by 8 µB per anti-site, in agreement with a simple ionic model and Ogale’s 
simulation. The result is also consistent with the study of Tomioka et al [26].  
 
In conclusion, the above discussions indicate that the double perovskites are itinerant 
ferrimagnets with a mixed valence of the Fe ions; the itinerant carriers are mainly of 
Mo (4d) character. The alternating order of Fe and Mo ions in the octahedral sites 
promotes the equilibrium reaction  
Fe3+ + Mo5+ = Fe2+ + Mo6+ 
where the itinerant minority spin electron is shared by both types of atoms. 
  
1.3.3 Electro-transport Properties 
 
The electrical resistivity of Sr2FeMoO6 is dependent on the synthesis conditions, due 
to the cation disorder, grain-boundary scattering and oxygen content [54]. The carriers 
in Sr2FeMoO6 are believed to be electron-like with a density of about 1.1×10-22 cm-3, 
corresponding to nearly one electron-type carrier per pair of Fe and Mo [26]. Both 
semiconducting and metallic behaviors have been observed in Sr2FeMoO6 [26, 27, 




55-57]. Being judged from measurements on a single crystal grown by the floating 
zone method, the stoichiometric compound has a metallic resistivity below and above 
the Curie temperature [26]. Niebieskikwiat et al [58] found that Sr2FeMoO6 is very 
sensitive to oxidation and the resistivity is strongly dominated by the carrier scattering 
at the grain boundaries. When the oxygen atoms placed at the grain boundaries are 
removed, two metal-insulator transitions were observed, being clearly metallic below 
TC = TMI,1 = 405 K and above TMI,2 = 590 K. At intermediate temperatures, it exhibits a 
semiconducting behavior. Yuan et al [59] found that the substitution of Fe3+ by Cu2+ 
induces a transition from semiconductor to metal behavior when the Cu doping level 
in Sr2(Fe1-xCux)MoO6 (0 ≤ x ≤ 0.30) system reaches x = 0.20 and the transition 
temperature decreases with the increasing level of Cu doping. Liu et al [60] also 
found a metal-semiconductor transition behavior in the non-stoichiometric 
Sr2FexMo2-xO6 (0.8 ≤ x ≤ 1.5). In this system, the compounds (x ≥ 1.2) are 
semiconducting and a metal-semiconductor transition occurs when x < 1.2.  
 
1.3.4 Magnetoresistive Properties 
 
It has been demonstrated that polycrystalline Sr2FeMoO6 shows a sharp low-field 
tunneling-type magnetoresistance (TMR), not only at low temperatures but even at 
room temperature [20]. In this compound, the temperature variation of the observed 
MR magnitude is approximately in accordance with that of square of the 




spin-polarization of the carriers, i.e., (M/MS)2, MS being the saturation magnetization, 
up to room temperature. This means that the spin-dependent tunneling across the grain 
boundary or magnetic domain boundary is a dominant factor for the observed 
magnetoresistance in the polycrystalline samples. This conclusion is supported by the 
absence of a sharp low-field MR response in single crystalline bulk Sr2FeMoO6 [26]. 
While it is generally accepted that tunneling magnetoresistance (TMR) is the 
dominant cause of the improved MR in Sr2FeMoO6, there is no clear agreement or 
understanding of the nature of tunneling barriers in this system. Two alternative 
origins of MR in Sr2FeMoO6 have been discussed so far.  
 
In one view, the physical grain boundaries (such as SrMoO4) are believed to provide 
tunnel barriers. Yin et al [61] investigated the Sr2FeMoO6 epitaxial film grown on a 
bicrystal boundary via a Wheatstone bridge technique, and proposed that the low field 
MR is due to electron spin dependent transfer across grain boundaries and not to an 
intragranular effect. Yuan et al [62] found that the TMR can be enhanced significantly 
over a wide temperature range at low magnetic fields by decreasing the grain size to 
nanometer scale, which further confirms the contribution of grain boundaries to TMR. 
However, another source of such tunnel barriers in this compound, arising from 
Fe/Mo anti-site disorder, has also been convincingly put forward. The anti-site 
disorder defects are believed to give rise to antiferromagnetic and insulating Fe-O-Fe 
patches in between the fully-ordered Sr2FeMoO6 islands within a single grain, which 
act as the barriers for electron tunneling. Sarma et al [63] found that the anti-site 




disorder is strongly related to the low field MR and the ordered samples exhibit much 
higher low field MR ratios than the disordered samples. On the other hand, Navarro et 
al [64] found that the high field MR is enhanced by an increase in antisite disorder. 
Further, García-Hernández et al [65] extracted a linear correlation between the 
anti-site disorder and the low field MR from a broad set of samples and claimed that 
the presence of a moderate level of anti-site disorder is at the very root of low field 
MR in Fe-Mo double perovskites. More recently, Niebieskikwiat et al [66] studied the 
combined effect of grain boundaries and Fe/Mo anti-site defects on the MR of 
Sr2FeMoO6. They concluded that the anti-site disorder only deteriorates the TMR 
response of the material when the grain boundary insulating barriers are weak. On the 
contrary, for high resistivity values the effect of the anti-site disorder defects is totally 
masked by the grain boundary barriers and the TMR is solely determined by the 
strength of the grain boundary insulating barriers.  
 
The different observations and explanations reported in the literature indicate that the 
precise mechanism responsible for the improved TMR in double perovskite 
Sr2FeMoO6 is still a controversial issue and requires further in-depth study. 
 




1.4 Synthesis Routes 
 
Double perovskites have been extensively studied since the discovery of room 
temperature and low field MR in Sr2FeMoO6 in 1998. At this stage the research of 
Sr2FeMoO6 is mainly focused on the bulk form, in understanding its various 
fundamental issues. Thus, the discussion is limited to the synthesis routes for 
polycrystalline bulk Sr2FeMoO6. There have been difficulties in synthesizing a single 
phase of this compound. It has been reported that double perovskite Sr2FeMoO6 can 
be formed completely only in evacuated silica capsules [67, 68] or in a highly 
reducing atmosphere [69–71]. However, the steady formation of SrMoO4 is the key 
difficulty in synthesizing the compound. In addition, a high calcination and sintering 
temperature often lead to grain coarsening, adversely affecting the electro-transport 
and MR properties. Therefore, many investigations have been done to find reliable, 
reproducible yet simple fabrication routes for double perovskites, at the lowest 
sintering temperature. For this, several synthesis techniques have been devised and 
attempted, some of which are briefly discussed as follows.  
 
1.4.1 Conventional Synthesis Routes 
 
(1) Solid-state Reactions 
The solid-state reaction is by far the most conventional synthesis method for 




preparing multi-component ceramics. It involves repeated grinding, compaction and 
firing of the component oxides until a single-phase material is achieved. As a standard 
variant, carbonates or oxalates are also used as precursors for the oxides. Upon the 
first heating or calcination, the precursors decompose to ultrafine oxide particles. The 
high reactivity of these particles helps the solid-state reaction process in the following 
sintering. As the solid-state reaction method depends on the inter-diffusion between 
the oxide powders, it is necessary to use fine, well-compacted powders and to sinter 
them under a temperature high enough for the diffusion length to exceed the grain size. 
The advantages of the solid-state reaction are the ready availability of oxide 
precursors, low cost and the precise weighing of oxide precursors and reaction 
components. In preparation of bulk Sr2FeMoO6 samples by conventional solid-state 
reaction processing, Sr2CO3, Fe2O3 and MoO3 are often used as the starting materials. 
After stoichiometric proportions of the starting components are mixed and ground, the 
mixed powder is calcined in air or Ar at a temperature of 800-1000 °C for several 
hours to several days. After grinding, the resulting mixture is pelleted and sintered in 
a highly reducing atmosphere at a temperature of 1100-1300 °C for several hours to 
several days, which may involve intermediate grindings. The reducing atmosphere 
widely used includes H2/Ar [20, 51, 72], H2/N2 [40, 73], and H2/CO2 [31, 71] with a 
H2 content of 1-10% in volume. Some researchers designed alternative synthesis 
methods and sintered the sample in evacuated and sealed fused-quartz ampoules 
containing Fe [67] or Ti [68] metals as oxygen trap.  
 




(2) Sol-Gel method 
The chemical methods such as sol-gel route were developed as alternative ceramic 
synthesis techniques. They have the advantage of achieving improved chemical 
homogeneity on the molecular scale. Therefore, the diffusion distance is reduced on 
calcination as compared to the solid-state reaction, which favors lower processing 
temperatures for multi-component ceramics. For synthesis of bulk  Sr2FeMoO6  
sample via sol-gel method, the route typically [72] consists  of  weighing 
stoichiometric quantities of (NH4)6Mo7O24·4H2O, Fe(NO3)3·9H2O, and Sr(NO3)2, 
preparing them in solution form, and mixing the solutions of Sr(NO3)2 and 
(NH4)6Mo7O24·4H2O with  nitric  acid  according  to  the  proportion  of  
~10 times in moles of (NH4)6Mo7O24·4H2O. The resultant mixture is then mixed with 
a solution of Fe(NO3)3·9H2O to form a light green gel. The gel is dried at around 60 
°C, and then ground by ball milling. It is then preheated at around 700 °C for 4-6 
hours and further milled with ball milling. Finally, the powder is pressed into pellets, 
followed by sintering at 900-1100 °C in the ambience of a controlled stream of 
various reducing atmosphere. 
 
1.4.2 Mechanical Activation 
 
High-energy ball milling was first devised by Benjamin [74] for material synthesis, so 
called mechanical alloying [75, 76], to prepare Ni-based oxide-dispersion 
strengthened alloys. Since then, hundreds of novel alloys have been formed by using 




this technique, including nickel-based, iron-based, aluminum-based, and 
magnesium-based alloys [77]. These alloys exhibit excellent oxidation and corrosion 
resistance, as well as high strength. In the past few years, mechanical alloying has also 
been extended to other types of materials, including magnets, superconductors, 
functional ceramics, nanocomposites, catalysts, hydrogen storage materials, and 
organic compounds [78-82]. Many chemical reactions, such as reduction/oxidation 
reactions can be triggered by mechanical energy, called mechanochemistry or 
mechanical activation [78]. Mechanical activation makes use of mechanical energy to 
trigger chemical reactions, formations of new phase, order-disorder transformations, 
and phase transitions. This is very different from the conventional solid-state reaction 
whereby the process is controlled by thermal activation. Some interesting phenomena 
in association with mechanical activation are summarized as follows:  
 
1) Particle refinement, deformation, and creation of point defects [78, 83, 84]: 
Mechanical activation can significantly refine the particle and crystallite sizes as 
a result of deformation and fracture, which create nano-sized particles and form 
point defects.  
2) Chemical reactions [78]: Various chemical reactions can be induced by 
mechanical activation, e.g., exchange reactions and oxidation-reduction 
reactions. 
3) Amorphizations [80]: Mechanical activation can trigger amorphization of some 
metals, oxides, pure elemental semiconductors (Si, Ge), and even polymers.  




4) Crystallizations [74, 85, 86]: Mechanical activation can lead to formation of 
certain nanocrstalline phases from either crystals or amorphous precursors. For 
example, perovskite structure Pb(Mg1/3Nb2/3)O3 and Pb(Zn1/3Nb2/3)O3 can be 
realized by mechanical activation of either mixed oxides or amorphous 
precursors derived from wet chemistry routes.   
5) Phase transformations [87]: mechanical activation can trigger formation of 
several metastable or thermodynamically unstable phases, such as tetragonal 
phase of ZrO2 and fluorite phase of TiO2.  
6) Order-disorder transformations [88, 89]: Order to disorder transformations can 
be triggered in both metallic alloys and oxide ceramics, e.g., Al-Fe alloy, 
complex perovskite Pb(Sc1/2Ta1/2)O3 and Pb(Mg1/3Nb2/3)O3-Pb(Mg1/2W1/2)O3, 
which have been studied in the author’s group recently [90, 91]. 
 
In this project, the mechanical activation route, for the first time, is adopted to 
synthesize double perovskite Sr2FeMoO6 for the above discussed advantages over 
other conventional synthesis routes.  
 




1.5 Motivation and Research Objectives  
 
Manganese oxides have proved to be useful for the development of field-sensitive 
magnetic sensors operable at room temperature. In fact, some devices based on 
polycrystalline manganites have been built, showing that there are some possible 
niches for applications. However, the fast decay of the MR effect with temperature 
and the fact that the Curie temperature remains critically low represent serious 
drawbacks for applications requiring operation temperatures up to 150–180 °C. For 
this, half-metallic ferromagnets of higher Curie temperatures are needed. Progress on 
some fundamental issues, such as crystallographic, electronic and magnetic structure 
of double perovskite ferromagnets such as Sr2FeMoO6, has been impressive. However, 
much effort is required on the synthesis and microstructure analysis of the compounds 
in order to understand and progress towards the control of the low field MR. Recent 
results on possible ways to further raise the Curie temperature in double perovskites 
are encouraging, and there is still room for new ideas and progress. The 
magnetoresistive properties of Sr2FeMoO6 related to size effect were investigated in 
1999 by Yuan et al [62]. Their investigation revealed that TMR can be enhanced 
significantly over a wide temperature range at low magnetic fields, by decreasing the 
grain size of Sr2FeMoO6 to nanometer scale [62]. Mechanical activation, which is 
fundamentally different from the traditional solid-state reaction, in terms of phase 
formation mechanisms and resulting material properties, has shown several unique 




and promising characteristics in synthesizing electronic ceramics, such as the 
nanocrystallinty and enhanced reactivity [92-96]. It is therefore of interest to further 
understand this process, and to study the crystal structure, magnetic and 
magnetoresistive properties of the double perovskite Sr2FeMoO6 derived from 
mechanical activation.   
 
The objectives of this project are summarized as follows: 
1) To investigate the feasibility of synthesizing double perovskite Sr2FeMoO6 by 
mechanical activation, and to understand the phase-formation mechanisms 
involved. 
2) To study the unique nanocrystalline structures, sintering behaviors, magnetic, 
electro-transport, and magnetoresistive properties of double perovskite 
Sr2FeMoO6 as derived from mechanical activation.  
3) To study the effects of different starting materials on the phase formations, 
sintering behaviors, and magnetic, electro-transport and magnetoresistive 
properties of double perovskite Sr2FeMoO6 via mechanical activation.  
4) To investigate the feasibility of synthesizing Ni doped Sr2FeMoO6 with double 
perovskite structure by mechanical activation, and to further explore the effects of 
Ni doping on the crystal structure and magnetic properties of Sr2FeMoO6. 
5) To study the effects of Ni doping on the B-site ordering in Sr2FeMoO6 via the 
Rietveld refinement method, and to understand the B-site cation order-disorder 
effects on the crystal structure and magnetic properties of Sr2FeMoO6.








In this project, a mechanical activation route was employed to synthesize double 
perovskite Sr2FeMoO6. It was carried out in a high-energy shaker mill (SPEX 8000M) 
operated at 900 rpm. To start with, the stoichiometric amounts of starting oxides were 
weighed and mixed together. The mixed oxides were then subjected to mechanical 
activation for various time periods in the range of 5 to 45 hours either under the 
protection of nitrogen or in air, depending on the starting materials. The mechanically 
activated compositions were subsequently pressed into pellets of 10 mm in diameter 
and ∼1 mm in thickness at a uniaxial pressure of 50 MPa. They were then heat-treated 
at various temperatures in the range of 600 to 1100 °C in a controlled atmosphere of 
either 5% H2/Ar or pure Ar for 2-4 hours using a tube furnace (quartz). Both heating 
rate and cooling rate were fixed at 10 °C/min.  
 
A number of experimental techniques have been employed in the study of double 
perovskite Sr2FeMoO6 derived from mechanical activation. Phase evolution of the 
mechanically activated compositions, phase purity and crystal structure of sintered 
samples were examined by using X-ray diffraction of Cu Kα radiation (XRD, Bruker 




D8-Advance). The sintered samples were characterized for grain size and morphology 
using Scanning Electron Microscope (SEM, Philips XL30). Magnetic behaviors of the 
samples were characterized by using a vibrating sample magnetometer (VSM, Oxford 
Instruments). Their electrical resistivities ρ were measured as a function of both 
temperature and magnetic field using the standard four-point probe technique. 
 
The chemicals used in this project are summarized as listed in Table 2.1. The 
synthesis procedures for samples with different compositions are shown in Figure 2.1 
to Figure 2.4. The operational principles of some facilities for various measurements 
are described below. The data from the various measurements are analyzed and 
discussed in the following chapters. 
 




2.2 Chemicals  
 
The starting materials used in this study are listed in Table 2.1. 
 
 
Table 2.1 Chemicals used in the project. 





Strontium Oxide SrO 99.9 103.62 Aldrich Chemicals 
Iron Oxide Fe2O3 99 159.69 BDH Laboratory 
Nickel Oxide NiO 99 74.70 Aldrich Chemicals 
Molybdenum (IV) Oxide MoO2 99.95 127.94 Alfa Aesar 




















2.3 Experimental Procedures 
 
2.3.1 MoO3-based Sr2FeMoO6 
 
 
Figure 2.1 Experimental procedures for Sr2FeMoO6 derived from mechanical 
activation by using MoO3 as the starting material. 
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Figure 2.2 Experimental procedures for Sr2FeMoO6 derived from mechanical 
activation by using MoO2 as the starting material. 
 
 
2 SrO 0.5 Fe2O3  MoO2 
Mechanical Activation in Air 
for 5 to 45 hours 
Pressing into Pellets 
Sintering at 800 to 1100 °C 








M vs. H, 
M vs. T 
Four-probe Method: 
R vs. H,  
R vs. T 




2.3.3 Ni doped Sr2FeMoO6 
 
 
Figure 2.3 Experimental procedures for Sr2(Fe1-xNix)MoO6 (0 ≤ x ≤ 1) derived from 
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2.4 Characterization Techniques 
 
2.4.1 X-ray Diffraction (XRD) 
 
XRD pattern is characteristic of a crystalline material and it forms a sort of fingerprint 
by which the material can be identified. The occurrence of such a diffraction pattern is 
due to the periodic crystal structure of the crystalline material, which causes 
destructive interference of the scattered X-ray in all directions except those predicted 
by the Bragg’s Law. In these specific directions, the constructive interference 
(reinforcement) occurs, and a diffracted beam is formed [97]. According to the 
Bragg’s Law, diffraction occurs when the following condition is satisfied: 
θλ sin2dn =  
where n is the order of diffraction, λ is the wavelength of monochromatic x-rays, d is 
the inter-planar spacing of the reflecting planes and θ is the Bragg angle. The Bragg’s 
Law is a negative law, in the sense that if the above condition is not satisfied, no 
diffraction bean occurs. On the other hand, diffraction may not occur even when the 
Bragg’s Law is satisfied. This is because of the particular arrangement of atoms 
within the unit cell that affects the beam intensity. Nevertheless, by scanning a 
crystalline material, a diffraction pattern is normally obtained. An unknown material 
may be identified by matching the pattern with those obtained in the standard powder 
diffraction files (PDF) [98]. 




Phase evolution and crystal structure for both mechanically activated powder 
compositions and polycrystalline Sr2FeMoO6 ceramics were examined by using 
Bruker D8-Advance Diffactometer. A Cu Kα source (wavelength α1= 1.54056 Å and 
α2 = 1.54439 Å) was employed and the diffactometer was operated at 45 kV and 40 
mA in a continuous mode over the 2θ range of 10° to 70°. The scan rate was fixed at 
0.02°/second for phase identifications and 0.004°/second for structure refinement. The 
crystallite sizes of the sintered samples were calculated using the Scherrer formula 
Dhkl = kλ/Bcosθ, where Dhkl is the grain diameter, k is a constant (shape factor ~ 0.9), 
B is the width difference at half height of the peaks between the measured sample and 
the standard of KCl used to calibrate the intrinsic width, and λ is the wavelength of 
the X-ray. The structure refinement was performed with the Rietveld method by using 
LHPM-Rietica program, which will be discussed in detail in Chapter 3.    
 
2.4.2 Scanning Electron Microscope (SEM) 
 
SEM is an essential analyzing technique for exploring microstructures of ceramic 
materials. The working principle of SEM is illustrated schematically in Figure 2.4. A 
fine “probe” beam of electrons from an electron gun is focused on the specimen 
surface. The electron beam is controlled by a scan generator that allows it to scan in a 
raster-like pattern over the specimen surface. When electrons collide with the 
specimen surface, various signals are created. These signals are then collected by the 




detectors, amplified and converted into electrical signals. They are finally sent to a 
cathode ray tube (CRT), which is used to control the intensity of the scanning spots to 
generate the on-screen image. Since the positions of the spots on the CRT scan in the 
same way as the scan generator that controls the incident electron beam, CRT can 
therefore produce magnified images according to the brightness and contrast based on 
the signals picked up from the specimen surface. 
 
There are several emissions that can be created during the interaction between 
electrons and specimen surface [99], including X-rays, photons, backscattering 
electrons, and the secondary electrons (SE). These emissions can be collected and 
utilized to analyze the surface morphology and composition of the specimen. In our 
study, SE mode was employed to get surface images of the samples. SE mode is the 
most commonly used emission in SEM, which is produced when the energy of the 
incident electron beam is absorbed by the atoms of the specimen, leading to ionization 
and generation of low-energy secondary electrons. Secondary electrons are very 
sensitive to the surface morphology of the specimen, and are therefore used to 
produce surface images.  
 
In this project, the sintered ceramic samples were characterized using a Philips 
XL-FEG scanning electron microscope (Philips FEG-SEM XL 30) operated at 10 kV. 
Each sample was first coated with a layer of conducting gold film deposited by a 
sputter Coater (SCD 005 Sputter Coater), for preventing electrons accumulation.  






Figure 2.4 Schematic diagram of a scanning electron microscope (SEM) [100]. 
 
 
2.4.3 Vibrating Sample Magnetometer (VSM) 
 
Vibrating sample magnetometer (VSM) is widely used in magnetic materials research 
to measure the magnetic properties. In a VSM, the time rate of change of magnetic 
flux in the pick-up coil is produced by mechanically vibrating the magnetized sample. 
A schematic diagram of VSM is shown in Figure 2.5. The magnetizing field in VSM 
Specimen 














can be provided either by an electromagnet or superconducting coils. If 
superconducting coils are used, magnetic fields as high as several ten teslas can be 
achieved. The sample is suspended on a non-magnetic rod, which vibrates vertically 
with amplitude of about 1.5 mm, at a frequency of 45 Hz. The AC voltage, which is 
proportional to the sample’s magnetic moment, produced by the pick-up coils is sent 
to an extremely high-gain lock-in amplifier. The rectified output is then sent to a 
computer which controls the parameters and operations, and also processes the 





Figure 2.5 Schematic Diagram of a Vibrating Sample Magnetometer (VSM) 
 




In the present study, an Oxford instrument superconducting VSM with a maximum 
applied field of 9 Teslas is used. The VSM is equipped with a low temperature 
controlling system cooled by liquid helium reservoir. To measure the Curie 
temperature and temperature dependence of magnetization above room temperature, a 
Lakeshore 7300 high temperature VSM system was used. Lakeshore 4500 furnace 
mounted on the 7300 system was used for the magnetic cooling or magnetic annealing 
of the sample. The heating rate is approximately 1 °C/min. 
 
2.4.4 Four-point Probe Technique 
 
A standard technique to measure electrical resistivity is typically referred to as a Van 
der Pauw four-point probe measurement. A current is applied to the sample across two 
adjacent contacts, and the voltage drop across the material is measured using the other 
two contacts, as shown in Figure 2.6. From data of the current applied and a 
geometric factor involving the arrangement of the contacts, the voltage measurement 
can be converted directly into a resistivity value. The current is usually kept constant, 
so that changes in voltage represent changes in resistivity.  
 
The four-point probe measurement system employed in this project is sketched in 
Figure 2.6. First of all, four Au electrodes were sputtered on the surface of the sample 
by using a mask to ensure better electrical contact. Then four enameled copper wires 




with diameter of 0.1 mm were soldered using indium on the electrodes to connect the 
sample to the sample holder. After this, the sample holder was put into the VSM 
chamber, which is used to apply magnetic field and control the temperature precisely. 
The measuring current, usually in the range of 1 µA to 10 mA, was supplied by a 
Keithley 270 Programmable Current Source. The voltage on the sample was measured 
using a Keithley 2700 Multimeter/Data Acquisition System. Both the current and 
voltage were recorded automatically by a computer with data acquisition card and 
software. At the same time, the applied magnetic field and temperature profile were 
controlled and collected by VSM. The resistivity of the sample was calculated using 
the following equation:  
L
TWR ..=ρ  
where R is the electrical resistance measured, W is the width, T is the thickness, and L 





















Figure 2.6 Schematic diagram of a four-point probe measurement system.








The Rietveld method is a well-established and powerful technique for extracting 
detailed crystal structure information from X-ray and neutron powder diffraction data. 
It has been widely used in different applications [101-104], including quantitative 
phase analysis, lattice parameters calculation, accurate atomic positions and 
occupancies determination, temperature vibrations analysis, and grain size and 
micro-strain calculation.  
 
The refinement technique is based on the idea suggested in the middle 1960’s by 
Rietveld [105, 106]. The essence of Rietveld’s approach is that experimental powder 
diffraction data are utilized without extraction of the individual integrated intensities 
or the individual structure factors, and all structural and instrumental parameters are 
refined by fitting a calculated profile to the observed data. Therefore, the Rietveld 
method is a full profile refinement used for estimating the intensities of Bragg peaks 
in a powder diffraction pattern within the constraints imposed by a crystallographic 
space group. During refinement by the Rietveld method, the entire diffraction profile 
is calculated (model) and compared with the observed step profile point by point. The 
parameters of the model are then adjusted using the Least-Square method. The model 




used in the refinement usually includes three parts: the crystallographic model, which 
describes the size and symmetry of the unit cell, atomic positions, thermal parameters 
and occupancy; the instrumental model, which describes optics and set-up of 
diffractometer; and the profile model, which describes the peak shape and background. 
To put it simply, the input information needed for performing the Rietveld refinement 
includes: correct space group symmetry, reasonably accurate unit cell dimensions, and 
approximate starting positions for the atoms.  
 
3.2 Mathematical Basis 
 
In the Rietveld method, the minimized function [107], Sy, is given by the equation  
      ∑ −=
i
icioiy yywS
2)(                     (3.1) 
where wi is the weighting factor assigned to the ith data point, yio is the observed and 
yic is the calculated intensity at the ith step. During refinement, Sy is minimized by 
means of a non-linear least square method. In Equation 3.1, the calculated intensity yic 
can be determined by the following function [107, 108] 
ib
K
KiKKKKic yFEPALMsy +−= ∑ )22(2 θθϕθθ     (3.2) 
where s is the scale factor, K is the Miller indices for a given reflection, Mk is the 
multiplicity factor, Lθ is the Lorentz-Polarization factor, Aθ is the absorption factor, PK 
is the preferred orientation factor, EK is the extinction factor, FK is the structure factor 




for the Kth reflection, ϕ is the reflection profile function, yib is the background 
intensity at point i. However, some parameters are still not included in Equation 3.2, 
i.e. the unit cell parameters (a, b, c; α, β, γ), which can be refined and should be close 
to real cell parameters, and the space group symmetry, which cannot be refined and 
must be right. We will discuss some of the important factors in Equation 3.2 in the 
following parts.  
 
In Equation 3.2, the background intensity yib may be modeled using different 
functions: 









)2( θ               (3.3) 
where Bm is one of six refinable parameters.  









)2( θ               (3.4) 
where Bm are refinable parameters and Tm is the Chebyshev function (defined by 
Tn+1(x) - 2xTn(x) + Tn-1(x) = 0, where T0 =1 and T1 = x).  
 
The peak shape profile function ϕ  in Equation 3.2 can also be chosen from many 
options:  
(i)  Pseudo-Voigt 




















C −−++= − πγπγϕ     (3.5) 
where C0 = 4, C1 = 4ln2, Hk is the full-width at half-maximum (FWHM) of the Kth  
Bragg Reflection, Xik = (2θi - 2 θk)/Hk and γ is a refinable ‘mixing’ parameter. 
(ii)  Pearson VII 















                     (3.6) 
where C2 = 21/γ - 1 and Γ denotes the gamma function.  
The peak shape can be further modeled by application of the function: 
     
2
321 )2(2 θγθγγγ ++=                          (3.7) 
where γ1, γ2 and γ3 are refinable parameters. The variation of the peak FWHM is 
defined by the function described by Caglioti et al [109]: 
   2/12 )tantan( WVUH k ++= θθ                      (3.8) 
where U, V and W are refinable parameters. In addition, the peak asymmetry can be 
corrected by Howard asymmetry [110] or FCJ asymmetry [111]. 
 
Now we discuss the structure factor FK in Equation 3.2. FK is determined by the 
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where n is the total number of atoms in the unit cell, s is sinθhkl/λ,             
g j is the population parameter of the jth atom (gj = 1 for a fully occupied site), tj is the 
temperature factor, which describes thermal motions of the jth atom, and (xj, yj, zj) 




represents the fractional coordinates of the jth atom in the unit cell.  
 
The following figures of merit are customarily used to characterize the quality of the 
refinement when using the Rietveld method. 
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χ            (3.14) 
In Equations 3.10 to 3.14, the following notations have been used: 
-- n is the total number of points measured in the experiments. 




-- yio is the observed intensity of the ith data point. 
-- yic is the calculated intensity of the ith data point. 
-- wi is the weight of the ith data point, which is usually taken as wi = 1/yio. 
-- m is the number of independent Bragg reflections. 
-- Ijo is the observed integrated intensity of the jth Bragg peak. 
-- Ijc is the calculated integrated intensity of the jth Bragg peak. 
-- p is the number of free least square parameters. 
 
3.3 Rietveld Refinement in Practice 
 
The successful practical use of the Rietveld method, by directly relating to the quality 
of powder diffraction data and the accuracy of the initial structural model, largely 
depends on the experience and the ability of the user to properly select a sequence in 
which various groups of parameters are refined. The technique of Rietveld refinement 
has been incorporated into several freely available software programs, including 
GSAS [112], FullProf [113], Rietan [114], and LHPM-Rietica [108]. In the present 
study, the LHPM-Rietica program developed by Hunter and Howard [108] was used 
to carry out Rietveld refinements.   
 
The crystal structure model for Sr2FeMoO6 used in the refinement of this project was 
taken from the refinement work of Sanchez et al [40]. The crystal structure was 




refined in the I4/m space group, Z=2, with a tetragonal √2ap × √2ap × ∼2ap unit cell 
(ap∼3.9Å, ideal cubic perovskite). The background was modeled using the shifted type 
I Chebyshev function. The Pseudo-Voigt function was chosen to generate the line 
shape of the diffraction peaks. The initial distribution of atoms in the unit cell has 
been assumed as listed in Table 3.1.  
 
Table 3.1 Coordinates of atoms (x, y, and z) and site occupancies (n) in the unit cell of 
Sr2FeMoO6 according to the initial crystal structure model. 
No. Site Name Atom x y z n 
1 4(d) A Sr2+ 1/2 0 1/4 0.1250 
2 2(a) B11 Fe3+ 0 0 0 0.0625 
3 2(a) B12 Mo5+ 0 0 0 0.0000 
4 2(b) B21 Fe3+ 0 0 1/2 0.0000 
5 2(b) B22 Mo5+ 0 0 1/2 0.0625 
6 4(e) O1 O2- 0 0 1/4 0.1250 
7 8(h) O2 O2- 1/4 1/4 0 0.2500 
 
 
The last column is Table 3.1 contains site occupancies by all atoms in the format 
required by LHPM-Rietica [107, 108]. The occupancies of each site (n) is given as a 
product of the population parameter (g) and site multiplicity (m) divided by the 
multiplicity of the general site position (M): 
                    M
gmn =                               (3.15) 
The fractional population parameter, g, varies from 1 (fully occupied site) to 0 




(completely unoccupied site). Thus, the fully occupied 4(d) site has occupancy by Sr: 
nA = 1×4/32 = 0.1250; the assumed 100% occupancy of 2(a) by Fe results in nB11 = 
1×2/32 = 0.0625. Similarly, the fully occupancy of 2(b) site by Mo leads to nB22 = 
1×2/32 = 0.0625. According to this initial model, no Fe atoms occupy 2(b) sites and 
no Mo cations occupy 2(a) sites either, which means a perfect ordered structure for 
Sr2FeMoO6.   
 
In LHPM-Rietica and almost every other commonly available software product, any 
dependent parameter, Pdependent, may be constrained to any free least square parameter, 
Pfree. The differentiation of the corresponding linear relationship between the two 
variables results in the numerical constraint, which is employed during the calculation 
of the least-square minimization: 
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Considering Equation 3.16 and assuming full occupancy of all sites, the population 
parameter (g) values of Fe and Mo on the 2(a) and 2(b) positions satisfy the following 
equations: 
g(Fe on 2a) + g(Mo on 2a) = g(Fe on 2b) + g(Mo on 2b) 
                     = g(Fe on 2a) + g(Fe on 2b) 
                       = g(Mo on 2a) + g(Mo on 2b)  
                                 = 1                          (3.17) 
Therefore, according to Equations 3.15 and 3.16, the corresponding constraints should 
be set at  




       ∆n(B11) = -∆n(B12), ∆n(B21) = -∆n(B22)                    (3.18) 
 
In the refinements, the individual population parameter g of Fe and Mo at the two 
B-cation sites was allowed to vary freely under the constraints imposed by Equations 
3.17 and 3.18. The B-site long-range order parameter S can be defined by:  






1                            (3.19) 
where g is the refined population parameter of Fe at the “right” Fe site (2a) and FFe is 
the atomic fraction of Fe among the B-site atoms (FFe = 0.5 in the present case). In 
this notation, S = 1.0 and 0.5 corresponds to the perfectly ordered and completely 
disordered structures, respectively. As an example, Figure 3.1 shows a fragment of the 
Rietveld profile agreement for Sr2FeMoO6 sintered at 1100 °C in Ar. The observed 
scattered intensity is shown using the black solid triangles; calculated intensity is 
shown with red line. The differences between the observed the calculated intensities 
are plotted using the green curve at the bottom. The vertical blue bars indicate the 






































Figure 3.1 A fragment of the XRD Rietveld profile for Sr2FeMoO6 derived from 
mechanical activation and then sintered at 1100 °C in Ar. Observed (black solid 
triangles) and calculated (red solid line) intensities are shown together with their 
difference (green curve at the bottom). The blue vertical bars indicate the expected 
Bragg reflection positions.




Chapter 4 Phase Formation and 




As discussed in Chapter 1, physical properties of Sr2FeMoO6 are largely dependent on its 
phase purity and microstructure parameters, which are very affected by the processing 
conditions. Indeed, a wide range of saturation magnetization and magnetoresistance (MR) 
values have been reported for Sr2FeMoO6. Formation of Sr2FeMoO6 requires a strictly 
low oxygen level; otherwise SrMoO4 impurity phase can be steadily formed. Sr2FeMoO6 
has been conventionally synthesized via solid state reaction by sintering in evacuated 
quartz ampoules containing reactive metals as oxygen trap [67, 68] or in a highly 
reducing atmosphere [69, 70]. The solid state reaction route however often requires 
multiple steps of calcination and milling. In addition, a calcination temperature at around 
900 °C and a sintering temperature at around 1200 °C are required for fabrication of 
polycrystalline Sr2FeMoO6. Unfortunately, the high temperature involved is often 
detrimental to the magnetic and transport properties of Sr2FeMoO6. Sakuma et al showed 
[71] that by raising calcination temperature from 500 °C to 1100 °C, the saturation 
magnetization of Sr2FeMoO6 at 5 K was decreased from 3.0 to 2.1 µB per formula unit. 
The high sintering temperature often results in grain coarsening of Sr2FeMoO6, leading to 
degradation in MR properties [62]. It is thus of interest to develop a new strategy to 




synthesize Sr2FeMoO6 of refined grain sizes at lowered temperatures.  
 
Mechanical activation has been successfully devised to synthesize several ferroelectric 
and piezoelectric electroceramics in the author’s laboratory in the past few years [90-96]. 
It skips the detrimental calcination step at elevated temperatures and preserves the 
required nanocrystallinity and compositional stoichiometry for the complex perovskite 
structures, leading to a much lowered sintering temperature and desirable microstructure 
for functional properties. In this chapter, the feasibility of synthesizing Sr2FeMoO6 of 
double perovskite structure by mechanical activation using MoO3 as the starting material 
is investigated. The phase formation behaviors and magnetoresistance of thus derived 









4.1 Mechanical Activation 
 
Figure 4.1 shows the XRD patterns of the mixed oxides of SrO, Fe2O3, and MoO3 upon 
mechanical activation for various time periods in the range of 5 to 35 hours. After 5 hours 
of mechanical activation, the predominant phases were SrMoO4 and Fe2O3, agreeing with 
what has been commonly observed that SrMoO4 impurity forms steadily prior to double 
perovskite Sr2FeMoO6. When the oxide mixture was mechanically activated for 15 hours, 
the major diffraction peaks for double perovskite Sr2FeMoO6 phase at 2θ of 32.1°, 39.9°, 
46.0°, 57.1° and 67.1° were observed and those of SrMoO4 and Fe2O3 diminished. The 
peak intensities of Sr2FeMoO6 increase with increasing mechanical activation time, 
apparently at the expense of those for SrMoO4. However, longer than 25 hours of 
mechanical activation led to little further change in the relative amounts of double 
perovskite Sr2FeMoO6 and SrMoO4 impurity phase. SrMoO4 as an impurity phase could 
not be eliminated by extending mechanical activation time to 35 hours, suggesting that 
the single phase of double perovskite Sr2FeMoO6 can not be realized in nitrogen 













































Figure 4.1 XRD patterns of the mixed oxides of SrO, Fe2O3 and MoO3 subjected to 








4.2 Sintering Behaviors 
 
To further study the phase formation process in the mechanically activated compositions 
of Sr2FeMoO6, the samples derived from 25 hours of mechanical activation were 
heat-treated at different temperatures in the range of 600 °C to 900 °C in a controlled 
atmosphere of 5% H2/Ar for 3 hours. The XRD patterns of the compositions heat-treated 
at different temperatures are shown in Figure 4.2, together with that of the powder 
subjected to 25 hours of mechanical activation. Firstly, the predominant nanocrystalline 
phases in the as-derived compositions are Sr2FeMoO6 and SrMoO4. Upon heat-treatment 
at 600 °C, the amount of double perovskite phase was enhanced significantly, while the 
presence of SrMoO4 phase was still apparent. The minor SrMoO4 phase disappeared 
completely and a single phase of double perovskite Sr2FeMoO6 was formed when the 
heat treatment temperature was raised to 700 °C. This compares favorably with the 
conventional solid state reaction, where a calcination temperature of ∼900 °C is required 
for forming the double perovskite Sr2FeMoO6 phase. A notable change brought about by 
thermal treatment was the sharpening of XRD traces with increasing temperature. This 
was apparently a consequence of the enhancement in crystallinity of the double 
perovskite phase with increasing temperature. Using the Scherrer equation, it was 
calculated that the crystallite sizes are 27nm, 32nm, 41nm and 52nm for the samples 
heat-treated at 600 °C, 700 °C, 800 °C and 900 °C, respectively.  
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Figure 4.2 XRD patterns of Sr2FeMoO6 subjected to 25 hours of mechanical activation 
and then heat-treated in 5% H2/Ar at different temperatures for 3 hours (*:Sr2FeMoO6, x: 
SrMoO4). 
 
Figure 4.3 shows the SEM micrographs on the fracture surface of Sr2FeMoO6 
heat-treated at 700 °C and 900 °C. It can be seen that the grain size of the sample 
heat-treated at 700 °C is very small. The grain sizes of the samples increase with 
increasing heat-treatment temperature, as evidenced by the much larger grain size in the 
900 °C sample. The average grain size measured from the microstructure of the material 
heat-treated at 900°C is in the range of 50∼80nm, which agrees with that calculated from 
XRD data. 
 










Figure 4.3 SEM micrographs for Sr2FeMoO6 derived from 25 hours of mechanical 
activation and then heat-treated in 5% H2/Ar at: (a) 700°C and (b) 900°C for 3 hours. 
 




4.3 Magnetic Properties 
 
Figure 4.4 plots the magnetization versus applied magnetic field curves measured at 
290K for the samples derived from 25 hours of mechanical activation and subsequently 
heat-treated in flowing 5% H2/Ar at different temperatures for 3 hours. They reveal that 
magnetization increases monotonically when the temperature was raised from 700 °C to 
900 °C. On the one hand, this is apparently a consequence of the enhancement in 
crystallinity and grain size of the double perovskite Sr2FeMoO6 with increasing 
temperature. The effect of grain size on magnetization is accounted for by the presence of 
noncollinear surface layer, similar to that in polycrystalline La2/3Sr1/3MnO3 [115], where 
the surface barrier layer became more significant as the grain size was refined. On the 
other hand, saturation magnetization of Sr2FeMoO6 is largely dependent on the degree of 
cation ordering between Fe/Mo ions among the B’ and B” sites. Balcells et al [51] have 
shown that the degree of cation ordering, and consequently the saturation magnetization 
of Sr2FeMoO6, increases with the increase in sintering temperatures in the range of 900 
°C to 1200 °C. In the case of the thermal treatment in our study, the Fe/Mo cation 
ordering among the B’ and B” sublattices was indeed enhanced with increasing 
temperature. By performing Rietveld refinement using LHPM-Rietica program, the Fe 
population parameter g at 2(a) sites were estimated to be 0.521, 0.560 and 0.614 for the 
samples sintered at 700 °C, 800 °C, and 900 °C, respectively. The increase in B-site 
ordering contributes to the enhancement in magnetization of Sr2FeMoO6. 








































Figure 4.4 Hysteresis loop at 290 K for Sr2FeMoO6 derived from 25 hours of mechanical 









4.4 Electro-transport and Magnetoresistive Properties 
 
Figure 4.5 plots the temperature dependence of electrical resistivity at zero field for the 
Sr2FeMoO6 samples thermally treated at different temperatures in the range of 700 °C to 
900 °C. They all show a semiconducting behavior, where the magnitude of resistivity 
being in the order of 10-2 Ω.cm. In addition, their resistivities were enhanced when the 
heat treatment temperature was decreased, which is attributed to the grain size effect of 
Sr2FeMoO6 [62]. Charge transport of Sr2FeMoO6 is dominated by grain boundaries, 
where the transport property is largely determined by electron scattering at the grain 
boundaries. The high resistivity observed for the sample with refined grain size is due to 
the increase from grain boundary contribution, where more scattering centers exist for 
carrier transport. 
 
The field dependence of ρH/ρ0 at 290 K and 78 K, respectively, for the samples 
heat-treated at different temperatures are plotted in Figure 4.6 (a) and (b). They all show a 
negative MR at room temperature and the MR ratio is significantly enhanced at 78 K. At 
both 290 K and 78 K, the MR effect increases systematically when the heat treatment 
temperature is raised from 700 °C to 900 °C. Polycrystalline Sr2FeMoO6 is known to be 
of intergranular magnetoresistance and the MR ratio is largely determined by electron 
tunneling through grain boundaries. In this connection, the MR effect decreases with 
increasing thermal treatment temperature, by considering the grain size effect. On the 























Figure 4.5 Temperature dependence of electrical resistivity for Sr2FeMoO6 derived from 
different thermal treatment temperatures. 
 
other hand, SrMoO4 impurity phase, which is insulating and detrimental to the MR 
behavior of Sr2FeMoO6, occurs at low heat treatment temperatures. Furthermore, the 
degree of cation ordering between Fe/Mo among B’ and B” sites was slightly enhanced 
by the rise in heat treatment temperature, when the anti-site disorder defects at B sites 
were depressed. Indeed, the anti-site disorder between Fe/Mo ions not only adversely 
affects the magnetization but also lowers the magnetoresistance of Sr2FeMoO6 [65]. 













































Figure 4.6 Isothermal magnetoresistance at (a) 290 K and (b) 78 K for the Sr2FeMoO6 
derived from different thermal treatment temperatures. 






Sr2FeMoO6 with minimal level of SrMoO4 impurity was synthesized by 25 hours of 
mechanical activation of SrO, Fe2O3 and MoO3 in a nitrogen atmosphere. A single phase 
of double perovskite Sr2FeMoO6 was realized at 700 °C in flowing 5% H2/Ar, which is 
about 200 °C lower than what is required in the conventional solid state reaction. The 
polycrystalline Sr2FeMoO6 exhibited an average crystallite size in the range of 30 to 
50nm, increasing with an increase in temperature in the range of 600 °C to 900 °C. The 
magnetization of thus derived Sr2FeMoO6 increases when the temperature was raised 
from 700 °C to 900 °C, due to the enhancement in crystallinity and grain size as well as 
B-site ordering of the double perovskite Sr2FeMoO6. Magnetoresistance of MoO3-based 
Sr2FeMoO6 derived from mechanical activation also increases with the increase in heat 
treatment temperature at both 290 K and 78 K, which is attributed to the elimination of 
insulating SrMoO4 impurity and enhancement in B-site ordering of double perovskite 
phase.  




Chapter 5 Mechanically Activated Synthesis 




As discussed in the previous chapters, the microstructure, magnetic and electrical 
properties of Sr2FeMoO6 are largely dependent on the processing conditions, as 
evidenced by the wide spectrum of values reported for saturation magnetization and 
MR properties [65]. On the one hand, formation of Sr2FeMoO6 requires a strictly low 
oxygen condition. In an isothermal heating study, Nakamura et al [116] showed that at 
1200 °C the double perovskite phase was stable only in the oxygen partial pressure 
range of 10-9.8-10-13.5 atm, and at oxygen pressures higher than 10-9.8 atm it 
decomposed mainly into SrMoO4 and SrFeO3-x. Further, Le et al [68] showed that in 
air at temperatures higher than 400 °C, Sr2FeMoO6 was unstable and quickly 
decomposed into SrMoO4 and SrFeO3-x. Therefore, it is difficult to synthesize a single 
phase Sr2FeMoO6 via the conventional ceramic route. On the other hand, it has been 
reported that Sr2FeMoO6 can be formed only in evacuated quartz ampoules containing 
reactive metals as oxygen trap [67, 68] or in a highly reducing atmosphere such as 
H2/Ar, H2/N2, and H2/CO2 [69-71]. Apparently, these non-conventional methods are 
rather complicated and difficult to control. For example, a small variation in the ratio 




of ambient gases H2/Ar can dramatically affect the phase compositions and properties 
of Sr2FeMoO6 [72].  
 
In Chapter 4, mechanical activation was developed to synthesize double perovskite 
Sr2FeMoO6 by using MoO3 as the starting material in nitrogen. However, SrMoO4 
formed prior to the formation of Sr2FeMoO6 and single phase of double perovskite 
Sr2FeMoO6 could not be achieved by mechanical activation, when MoO3 was used as 
the starting material. In this chapter, mechanical activation route is used to form 
double perovskite Sr2FeMoO6 directly in air by using MoO2 as the starting material. 
For the first time, single phase of Sr2FeMoO6 with double perovskite structure was 
synthesized in air by using MoO2 as the starting material via mechanical activation. 
The effects of mechanical activation time and sintering temperature on the phase 
formation and magnetoresistive behaviors of the MoO2-based Sr2FeMoO6 are then 

















5.1 Effects of Mechanical Activation on the Phase 
Formation and Magnetoresistive Behaviors of 
Sr2FeMoO6 
 
5.1.1 Mechanical Activation 
 
Figure 5.1 shows the XRD patterns of the powder mixtures of SrO, Fe2O3 and MoO2 
subjected to mechanical activation for various time periods in the range of 5 to 45 
hours. Five hours of mechanical activation triggered formation of the double 
perovskite phase, although the predominant phases were still MoO2 and Fe2O3. When 
activation time was increased to 15 hours, the major diffraction peaks of double 
perovskite Sr2FeMoO6 at 2θ angles of 32.1°, 39.9°, 46.0°, 57.1° and 67.1° were well 
established and the peaks of MoO2 and Fe2O3 were significantly diminished. The 
XRD intensities of the double perovskite phase increase with increasing mechanical 
activation time, apparently at the expense of MoO2 and Fe2O3 peaks. Upon 35 hours 
of mechanical activation, the peaks of all the starting oxides have vanished and a 












































Figure 5.1 XRD patterns of the mixed oxides of SrO, Fe2O3 and MoO2 subjected to 
various hours of mechanical activation (*:Sr2FeMoO6, M: MoO2, FO: Fe2O3, F: Fe). 
 




In synthesis of Sr2FeMoO6, MoO3 has often been used as the starting material, 
although Molybdenum occurs as Mo5+ in Sr2FeMoO6. Therefore, a highly reducing 
atmosphere, such as H2, is always required to reduce Mo6+ to Mo5+ according to the 
following reaction: 
4SrO + Fe2O3 + 2MoO3 + H2 Æ 2Sr2FeMoO6 + H2O          (5.1) 
However, SrMoO4 can be easily formed according to the reaction: 
  SrO + MoO3 Æ SrMoO4                              (5.2) 
Using MoO2 as the starting material, we have successfully synthesized a single 
Sr2FeMoO6 phase in air, where Mo4+ was oxidized into Mo5+ during mechanical 
activation according to the following reaction:    
8SrO + 2Fe2O3 + 4MoO2 + O2 Æ 4Sr2FeMoO6               (5.3) 
Apparently, SrMoO4 is eliminated during the formation of Sr2FeMoO6 by mechanical 
activation in air.  
 
5.1.2 Sintering Behaviors and Microstructures 
 
Figure 5.2 shows the XRD patterns of the Sr2FeMoO6 compositions subjected to 
different hours of mechanical activation and then sintered at 900 °C for 3 hours in 
flowing Ar. There were minor traces of SrMoO4 in the sintered Sr2FeMoO6 derived 
from 5 hours and 15 hours of mechanical activation. In contrast, the sample subjected 
to 25 hours of mechanical activation possessed a single Sr2FeMoO6 phase. Too long a 




mechanical activation time introduced a new impurity phase of Fe, which is rather 
apparent in the sintered Sr2FeMoO6 derived from 45 hours of mechanical activation. 
This Fe impurity apparently came from the activation media. As will be discussed 
later, it is detrimental to the magnetoresistive properties of Sr2FeMoO6. The average 
crystallite sizes were calculated from the XRD line broadening by using Scherrer 
equation to be 58, 50 and 45nm for the Sr2FeMoO6 derived from 5, 25 and 45 hours 
of mechanical activation, respectively. 
 
Typical SEM micrographs on the cross-section surfaces of the samples derived from 
different mechanical activation periods and then sintered in Ar at 900 °C for 3 hours 
are shown in Figure 5.3. The average grain sizes of the samples decrease with 
increasing time of mechanical activation, which agrees with the trend predicted by 
XRD calculations. The decrease in grain size is apparently due to the particle 


















































Figure 5.2 XRD patterns of Sr2FeMoO6 subjected to various hours of mechanical 
activation and then sintered in Ar at 900°C for 3 hours (*:Sr2FeMoO6, SM: SrMoO4, F: 
Fe). 
 










Figure 5.3 SEM micrographs for Sr2FeMoO6 derived from (a) 5 hours, (b) 25 hours, 
and (c) 45 hours of mechanical activation, and then heat-treated in Ar at 900°C for 3 
hours. 




5.1.3 Magnetic Properties 
 
Figure 5.4 (a) plots magnetization versus applied field at 290 K for Sr2FeMoO6 
derived from various hours of mechanical activation and subsequently sintered in Ar 
at 900 °C for 3 hours. The magnetization systematically increases with increasing 
mechanical activation time. The relatively low magnetization values for Sr2FeMoO6 
derived from 5 and 15 hours of mechanical activation are accounted for by the 
presence of the nonmagnetic SrMoO4 impurity, which was identified by XRD patterns, 
as shown in Figure 5.2. When mechanical activation was extended to 45 hours, there 
is a sharp rise in magnetization as compared with those for the samples derived from 
25 and 35 hours of mechanical activation. The surge in magnetization is most likely 
caused by the Fe impurity coming from the activation media during mechanical 
activation process. The Fe impurity occurred as ferromagnetic clusters and then led to 
a rise in magnetization. From Figure 5.4 (a), it is seen that magnetizations of the 
samples derived from 5 and 15 hours of mechanical activation are very close, and so 
are those of the samples derived from 25 and 35 hours of mechanical activation. The 
hysteresis loops of the Sr2FeMoO6 derived from 5, 25 and 45 hours of mechanical 
activation at 78 K are plotted in Figure 5.4 (b). Apparently, the magnetization 
increases with increasing mechanical activation time, and they are much higher than 
those measured at 290 K. 
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Figure 5.4 Hysteresis loops at (a) 290 K, and (b) 78 K for Sr2FeMoO6 derived from 
various hours of mechanical activation and then sintered in Ar at 900°C for 3 hours. 




5.1.4 Electro-transport and Magnetoresistive Properties 
 
Figure 5.5 plots the temperature dependence of electrical resistivity at zero field and 
at 3T for the Sr2FeMoO6 derived from 5, 25 and 45 hours of mechanical activation, 
respectively. They all show a semiconducting behavior, and the magnitudes of 
resistivity are in the order of 10-1 to 10-2 Ω.cm. Their resistivities decrease with 
temperature over the entire measured temperature range of 78 to 300 K. By 
comparison, the resistivity of Sr2FeMoO6 derived from 5 hours of mechanical 
activation is one order of magnitude larger than that of the sample derived from 25 
hours of mechanical activation, which can be attributed to the nonmagnetic and 
insulating SrMoO4 impurity in the former. The SrMoO4 is present at the grain 
boundaries and junctions, and leads to an increase in resistivity as well a decrease in 
magnetoresistance [117]. The resistivity of the sample derived from 45 hours of 
mechanical activation is also higher than that of the sample derived from 25 hours of 
mechanical activation, which is ascribed to the grain size effect of Sr2FeMoO6 [62]. 
Charge transport of Sr2FeMoO6 is dominated by the grain boundaries, where the 
transport property is largely determined by electron scattering at the grain boundaries. 
The higher resistivity for the sample derived from 45 hours of mechanical activation, 
which exhibited a refined grain size, is ascribed to the increase of grain boundary 
contribution, where more scattering centers exist for carrier transport. 
 



















































Figure 5.5 Temperature dependence of electrical resistivity for Sr2FeMoO6 derived 
from 5, 25, and 45 hours of mechanical activation at zero field (solid line) and 3T (dot 
line). 
 




Field dependence of ρ(H)/ρ(H=0) at 78 K and 290 K for the samples derived from 5, 
25 and 45 hours of mechanical activation are plotted in Figure 5.6 (a) and (b), 
respectively. They all show a negative MR at room temperature and the MR ratio is 
significantly enhanced at 78 K. At both 290 K and 78 K, the MR effect was improved 
when mechanical activation time was increased from 5 hours to 25 hours. The 
observed increase in MR is considered to relate to two factors. On the one hand, the 
amount of SrMoO4 impurity phase, which is insulating and detrimental to MR, 
decreases with increasing mechanical activation time. On the other hand, the average 
grain size of sintered Sr2FeMoO6 decreases with increasing mechanical activation 
time. The MR effect of polycrystalline Sr2FeMoO6 is closely related to intergranular 
magnetoresistance and thus is dependant on electron tunneling through the grain 
boundaries. With decreasing grain size, the grain boundary density increases, leading 
to more tunneling barriers for carrier transport [62] and hence the MR effect is 
enhanced. Consequently, the MR ratio rises when mechanical activation time 
increases from 5 hours to 25 hours. However, as shown in Figure 5.6, the MR effect 
of sintered Sr2FeMoO6 is reduced when the mechanical activation time was extended 
to 45 hours. This can be accounted for by the contamination from activation media. 
Contamination by Fe can apparently lead to formation of Fe-rich phases or 
ferromagnetic clusters between grains, which adversely affect the weak-link grain 
boundaries [118] and thus reduce the MR effect of Sr2FeMoO6. On the basis of the 
above discussions, the optimal mechanical activation time for achieving high MR 
effect is about 25 hours.   
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Figure 5.6 Isothermal magnetoresistance for Sr2FeMoO6 derived from 5, 25 and 45 
hours of mechanical activation (a) at 290 K, and (b) at 78 K. 
 
 




5.2 Effects of Sintering Temperature on the B-site 
ordering and Magnetoresistive Behaviors of 
Sr2FeMoO6 
 
As discussed in Chapter 4, sintering temperature has a great impact on the 
microstructures, magnetic and magnetoresistive properties of Sr2FeMoO6. For the 
MoO3-based double perovskite Sr2FeMoO6 derived from mechanical activation, the 
magnetization and MR increase systematically with increasing heat-treatment 
temperature in the range of 700 °C to 900 °C. However, due to the limitation of facilities, 
the sintering temperature for the MoO3-based Sr2FeMoO6 is limited to 900 °C when 
5%H2/Ar was used as the sintering atmosphere. To further study the effects of 
heat-treatment temperature on the crystal structure, magnetic and magnetoresistive 
properties of Sr2FeMoO6, the sintering temperature was raised to 1100 °C for the 
MoO2-based Sr2FeMoO6, since the sintering atmosphere was changed to pure Ar. 
   
5.2.1 Phase Formation and Microstructures 
 
Sr2FeMoO6 derived from 25 hours of mechanical activation of the starting materials SrO, 
Fe2O3, and MoO2 was sintered at different temperatures in the range of 800 °C to 1100 °C 
in pure Ar for 3 hours. The XRD patterns of the compositions heat-treated at different 




temperatures are shown in Figure 5.7. The XRD patterns show that a single tetragonal 
phase is obtained for all samples. A series of superstructure reflections including (101) 
and (103) can be observed in Figure 5.7, which characterize the long-range order of 
Fe/Mo cations on the octahedral B sites of the perovskite structure [51]. The intensity of 
the superstructure reflections increases with increasing heat-treatment temperature, which 
indicates that the B-site ordering is progressively enhanced with increasing sintering 
temperature.  
  




















































Figure 5.7 XRD patterns of Sr2FeMoO6 subjected to 25 hours of mechanical activation 
and then heat-treated in Ar at different temperatures for 3 hours. 




Figure 5.8 shows the SEM micrographs of fracture surfaces for Sr2FeMoO6 heat-treated 
at different temperatures in the range of 800 °C to 1100 °C. It can be seen that the grain 
sizes of the samples heat-treated at 800 °C and 900 °C are relatively small, mostly less 
than 100nm. The grain size increases with increasing heat-treatment temperature, while 
the level of porosity decreases with temperature. The grain sizes measured for the sample 










Figure 5.8 continues 
 










Figure 5.8 SEM micrographs for Sr2FeMoO6 derived from 25 hours of mechanical 
activation and then heat-treated in Ar at: (a) 800 °C, (b) 900 °C, (c) 1000 °C, and (d) 1100 
°C for 3 hours, respectively. 




5.2.2 Rietveld Refinement and B-site Ordering 
 
The effects of sintering temperature on the B-site ordering of MoO2-based Sr2FeMoO6 
were studied by using Rietveld analysis of XRD profiles. Detailed quantitative 
Rietveld refinement was performed using LHPM-Rietica program [107, 108]. As 
discussed in Chapter 3, the crystal structure was refined in the I4/m space group. Sr 
atoms were located at 4(d) positions, Fe at 2(a), Mo at 2(b) sites, and oxygen atoms at 
4(e) and 8(h) positions. In the refinements, the individual population parameter g of 
Fe and Mo at the two B-cation sites was allowed to vary freely under the constraints 
that the overall occupancy of both sites is 100% and the amounts of Fe and Mo 
cations are in the nominal 1:1 atomic ratio. The B-site long-range order parameter S 







where g is the refined population parameter of Fe at the “right” Fe site (2a) and FFe is 
the atomic fraction of Fe among the B-site atoms (FFe = 0.5 in the present case). In 
this notation, S = 1.0 and 0.5 corresponds to the perfectly ordered and completely 
disordered structures, respectively. Figure 5.9 illustrates the profile agreement for 
Sr2FeMoO6 sintered at 800 °C, showing that the calculated profile gives a reasonably 








































Figure 5.9 XRD Rietveld profile for Sr2FeMoO6 sintered at 800 °C using the space 
group I4/m. Observed (black solid triangles) and calculated (red solid line) intensities 
are shown together with their difference (green curve at the bottom). The blue vertical 






Rp   = 7.40% 
Rwp  = 9.49% 
χ2    = 1.940 


















































Figure 5.10 (a) Dependence of Fe population parameter g on sintering temperature, 
(b) Dependence of B-site long-range order parameter S on sintering temperature. 




The refined Fe population parameter g at 2(a) sites is plotted against sintering 
temperature in Figure 5.10 (a). The population parameter was enhanced significantly 
by increasing sintering temperature, from g = 0.61 for the sample sintered at 800 °C 
to g = 0.79 for that sintered at 1100 °C. This means that more Fe atoms were put at 
the “right” Fe sites with increasing sintering temperature. Accordingly, the B-site 
long-range order parameter S was improved systematically, from S = 0.21 for 800 °C 
to S = 0.58 for 1100 °C (Figure 5.10 b). These results agree with the earlier study 
done by Balcells et al [51], where the anti-site disorder defects among Fe/Mo atoms 
at octahedral B sites in Sr2FeMoO6 were found to be suppressed by high temperature 
sintering.   
 
5.2.3 Magnetic Properties 
 
The hysteresis loops measured at room temperature for the samples sintered at different 
temperatures are plotted in Figure 5.11 (a). The dependence of magnetization on sintering 
temperature is further plotted in Figure 5.11 (b). The magnetization increases 
monotonically when sintering temperature was raised from 800 to 1100 °C. As discussed 
in Chapter 4, the enhancement in crystallinity and grain size with increasing temperature 
will contribute to the increase of magnetization. However, the dominating factor here is 
the enhancement of B-site ordering. The dependence of room temperature magnetization 
on the B-site long-range order parameter S is plotted in Figure 5.12. As can be seen, the  



















































Figure 5.11 (a) Hysteresis loop at 290 K for Sr2FeMoO6 sintered at different temperatures 
for 3 hours in Ar; (b) Dependence of magnetization on sintering temperature.  




magnetization of Sr2FeMoO6 increases systematically with increasing B-site ordering and 
depends almost linearly on the order parameter S, which agrees well with the earlier 






























Figure 5.12 Dependence of room temperature magnetization on B-site long-range order 
parameter S for Sr2FeMoO6 sintered at different temperatures. 
 




5.2.4 Magnetoresistive Properties 
 
The field dependence of ρH/ρ0 measured at 290 K for the samples sintered at different 
temperatures in the range of 800 °C to 1100 °C are plotted in Figure 5.13 (a). The 
dependence of MR ratio on sintering temperature is further plotted in Figure 5.13 (b). The 
MR effect increases systematically with increasing sintering temperatures in the range of 
800 °C to 1100 °C. As can be seen from the SEM images in Figure 5.8, the grain sizes of 
the samples sintered at high temperatures are relatively large (up to ∼1 µm). It is believed 
that the dominating contribution to the enhancement in MR with increasing sintering 
temperature is from the increase in B-site ordering, while the contribution from grain size 
effect is minor. The dependence of room temperature MR on B-site long-range order 
parameter S is plotted in Figure 5.14. There is a linear correlation between the MR ratio 
and order parameter S. According to Garcia-Hernandez et al [65], in a disordered system 
there exists Fe-O-Fe (antiferromagnetic, AF) and Mo-O-Mo (paramagnetic, PM) patches 
in between “stoichiometric” volumes, where the alternating ordering of Fe and Mo is 
fulfilled. The AF Fe-O-Fe patches, and to a much lesser extent the PM Mo-O-Mo ones, 
act as barriers to the electronic transport between the ordered volumes. As the B-site 
ordering increases, the average width of the AF islands decreases and the tunneling 
between stoichiometric patches becomes more probable. Consequently, the MR effect 
increases with increasing B-site ordering. 
 













































Figure 5.13 (a) Isothermal magnetoresistance at 290 K for Sr2FeMoO6 sintered at 
different temperatures, and (b) Dependence of MR ratio on sintering temperature. 























Figure 5.14 Dependence of room temperature MR on B-site long-range order 




A single phase of Sr2FeMoO6 was successfully synthesized for the first time in air by 
using SrO, Fe2O3 and MoO2 as the starting materials via mechanical activation. 
Polycrystalline Sr2FeMoO6 with grain sizes in the nanometer range was then obtained 
by sintering the mechanically activated composition in Ar. Due to the effective 
elimination of nonmagnetic SrMoO4 impurity, the magnetization of sintered 
Sr2FeMoO6 increases when increasing mechanical activation time. Similarly, the MR 




effect also increases with increasing mechanical activation time up to 25 hours, due to 
the elimination of SrMoO4 impurity phase and the refinement in grain size of double 
perovskite Sr2FeMoO6. However, too long a mechanical activation time led to excess 
contamination by Fe and thus reduced the MR effect of Sr2FeMoO6.  
 
Single phase of double perovskite Sr2FeMoO6 were obtained in Ar in the temperature 
range of 800 °C to 1100 °C by using MoO2 as the starting material via mechanical 
activation. The grain sizes of the sintered samples increase with an increase in 
sintering temperature. The B-site ordering in Sr2FeMoO6 is systematically enhanced 
by increasing sintering temperature in the range of 800 °C to 1100 °C. Consequently, 
the magnetization of Sr2FeMoO6 is significantly enhanced by the high temperature 
sintering. Magnetoresistance of Sr2FeMoO6 sintered at different temperatures in the 
range of 800 °C to 1100 °C also increases with the increase in sintering temperature, 
which is attributed to the increase in B-site long-range order. 




Chapter 6 B-site Ordering and Magnetic 
Behaviors in Ni-doped Sr2FeMoO6 
 
As mentioned in Chapter 1, the ideal structure of Sr2FeMoO6 can be considered to 
consist of corner-sharing, alternating FeO6 and MoO6 octahedra. Fe3+ (3d5, S = 5/2) 
cations at B’ sites are antiferromagnetically coupled to their Mo5+ (4d1, S = 1/2) 
neighbors occupying the B” sites, which induce a ferrimagnetic half metallic state 
with a large saturation moment of 4 µB. The long-range ordering of Fe and Mo cations 
at the octahedral B sites promotes the equilibrium reaction of Fe3+ + Mo5+ = Fe2+ + 
Mo6+, in which the itinerant down-spin electron from Mo cation is shared by both 
types of atoms [65]. Accordingly, magnetization of Sr2FeMoO6 is critically dependant 
on the degree of Fe/Mo cation ordering among the B’/B” sublattices. However, 
synthesis of such double perovskites would inevitably lead to a certain degree of 
anti-site disorder defects. The anti-site disorder defects can change or even destroy the 
B-site long-range order and therefore adversely affect not only the magnetization, but 
also the Curie temperature and magnetoresistance of Sr2FeMoO6 [51, 65].  
 
In the past several years, great efforts have been devoted to tune the B-site cation 
ordering in Sr2FeMoO6. On the one hand, much work has been done to enhance the 
B-site ordering by optimizing various synthesis conditions, such as the heat treatment 
temperature [51, 64, 71] and treatment time [71]. Shimada et al [119] showed that the 




degree of B-site order could be controlled by either the kinetics or thermal equilibrium 
involved, depending on the temperature range. As discussed in the previous chapter, 
our study found that B-site ordering in Sr2FeMoO6 increases with increasing sintering 
temperature in the range of 800 to 1100 °C. On the other hand, cation substitution or 
doping at both A site [33, 120, 121] and B sites [59, 122-124] have been attempted to 
adjust the B-site ordering and thus modify the physical properties of Sr2FeMoO6. La 
doping at A site is reported to raise the Curie temperature, but the electron doping 
effect decreases the B-site ordering in such a way that the saturation magnetization 
and magnetoresistance are dramatically reduced [120]. More recently, Sui et al [73] 
observed that by Al doping at B site, the degree of B-site cation ordering as well as 
the low field magnetoresistance at low temperatures in Sr2FeMoO6 were significantly 
enhanced. However, the resulting magnetization at room temperature and the Curie 
temperature were greatly reduced [73, 123]. Substitutions of other cations such as Mn 
[125] and Cr [124] for Fe also reduce the magnetization and Curie temperature of 
Sr2FeMoO6. In this chapter, we report a detailed study on the effects of Ni doping on 
the B-site long-range order and magnetic properties in Sr2FeMoO6. For this, the 
mechanical activation route was employed to synthesize Ni-doped double perovskite 
Sr2FeMoO6. As detailed below, both the magnetization and Curie temperature of 
Sr2FeMoO6 were significantly enhanced by Ni doping due to an increase in the B-site 
long-range order.           




6.1 Phase Formation and Magnetization 
 
Figure 6.1 shows the XRD patterns of the powder mixtures of SrO, Fe2O3, NiO and 
MoO2, when subjected to mechanical activation for 20 hours in air. The double 
perovskite phase was well established with minor traces of the starting material MoO2, 
when the Ni doping level x is less than 0.5 in Sr2(Fe1-xNix)MoO6. However, further 
increasing the Ni doping level introduced a new impurity phase of Sr3MoO6, as 
evidenced in Figure 6.1. Figure 6.2 shows the XRD patterns of the Sr2(Fe1-xNix)MoO6 
compositions after heat-treatment at 900 °C for 3 hours in flowing Ar. When the Ni 
doping level is low (x = 0 and 0.1), a single phase of double perovskite 
Sr2(Fe1-xNix)MoO6 was obtained. The impurity phase Sr3MoO6 appears when Ni 
doping level reaches 0.3 and it increases notably with increasing Ni doping level 
(Figure 6.2).  
 
Figure 6.3 plots magnetization versus applied field at room temperature for 
Sr2(Fe1-xNix)MoO6 (x = 0.0-1.0) derived from mechanical activation and subsequently 
heat-treated in Ar at 900 °C for 3 hours. Interestingly, the magnetization increases 
with increasing level of Ni doping firstly, up to x = 0.3. When the Ni doping level 
increases to 0.5, the magnetization drops dramatically and decreases quickly with 
increasing level of Ni doping. The decrease in magnetization is apparently due to the 
presence of the impurity phase. According to the XRD results of Figure 6.2, a Ni 
doping level up to 0.2 was used for the following study. 






































Figure 6.1 XRD patterns of mixed constituent oxides of SrO, Fe2O3, NiO, and MoO2 
when subjected to 20 hours of mechanical activation in air. (*: Sr2FeMoO6 or 








































Figure 6.2 XRD patterns for Sr2(Fe1-xNix)MoO6 (x=0.0-1.0) derived from mechanical 
activation and then heat-treated in Ar at 900 °C for 3 hours (*: Sr2FeMoO6 or 






































Figure 6.3 Magnetic hysteresis loops at 290 K for Sr2(Fe1-xNix)MoO6 (x = 0.0-1.0) 
derived from mechanical activation and then heat-treated in Ar at 900 °C for 3 hours. 




6.2 Microstructures and B-site Ordering  
 
Sr2(Fe1-xNix)MoO6 (x = 0.00, 0.05, 0.10, 0.15, and 0.20) samples were derived from 
20 hours of mechanical activation and then heat-treated at 1100°C for 3 hours in Ar 
atmosphere. Typical SEM micrographs on the fracture surfaces of the sintered 
Ni-doped Sr2FeMoO6 with different levels of Ni doping are shown in Figure 6.4. The 
grain sizes of the samples are in the range of several hundred nanometers to ∼1 µm. A 
slight change in grain size was brought about by Ni doping, which was seen as a 
refinement of grain size in the samples with high levels of Ni doping.  
 
The XRD traces for the samples with different levels of Ni doping are shown in 
Figure 6.5. Inspection of the XRD patterns reveals that a single tetragonal phase is 
obtained for all samples, without any trace of impurity phases. As discussed in 
Chapter 5, by using MoO2 as the starting material and via the mechanical activation 
route, we have successfully synthesized a single phase of Sr2FeMoO6 with double 
perovskite structure in air, where Mo4+ was oxidized into Mo5+ during mechanical 
activation and the formation of SrMoO4 impurity was avoided. Using the same 
procedures, we also obtained a single phase of Ni-doped Sr2FeMoO6, with a doping 
level up to 0.2.  
 
The XRD traces in Figure 6.5 show a series of superstructure reflections such as (101) 




and (103), which characterize the long-range order of Fe/Mo cations on the octahedral 
B sites in the perovskite structure. When the degree of B-site ordering is calculated on 
the basis of the relative intensity of the superstructure reflection (101) peak, the 
relative intensity ratio IR = I(101)/[I(112)+I(200)] (Figure 6.6) increases almost linearly 
when the Ni doping level x increases from 0.0 to 0.2, which indicates that the B-site 










Figure 6.4 continues 
 












Figure 6.4 SEM micrographs for Sr2(Fe1-xNix)MoO6 with different levels of Ni doping: 
(a) x = 0, (b) x = 0.1, (c) x = 0.2. 
 






























































Figure 6.5 XRD patterns for Sr2(Fe1-xNix)MoO6 (0.00 ≤ x ≤ 0.20) derived from 
mechanical activation and then sintered in Ar at 1100 °C for 3 hours. 
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Figure 6.6 Dependence of the relative intensity ratio I(101)/[I(112)+I(200)] on the level of 
Ni doping x. 




6.3 Magnetic Properties 
 
Figure 6.7 shows the magnetization versus applied field curves for Sr2(Fe1-xNix)MoO6 
(0.00 ≤ x ≤ 0.20) measured at room temperature. The dependence of magnetization M 
at room temperature on the level of Ni doping x is shown in Figure 6.8 (a). As 
expected, magnetization in Ni-doped Sr2FeMoO6 is systematically enhanced with an 
increasing level of Ni doping, and it depends almost linearly on the level of Ni doping 
x. Such an enhancement in magnetization at room temperature favors the 
magneto-transport properties of Sr2FeMoO6, since the low field MR in Sr2FeMoO6 
originates from a spin-dependant scattering process, which is expected to be 
proportional to the square of magnetization (M2) [20]. As a comparison, B-site doping 
with other nonmagnetic elements such as Mn [122], Cr [124], Al [73] and V [126] all 
unfortunately reduced the room temperature magnetization of Sr2FeMoO6. Although 
Ni is ferromagnetic, the net magnetic moment of Ni2+ (3d8, S = 1) is only 2 µB, which 
is much smaller than that of Fe3+ (5 µB). In addition, the compound Sr2NiMoO6 shows 
an antiferromagnetic behavior with a Neel temperature of ∼ 80 K [30]. Therefore, the 
enhancement in magnetization for Sr2(Fe1-xNix)MoO6 cannot be accounted for by the 
magnetic nature of Ni itself. Indeed, the increase in magnetization implies that the 
strength of antiferromagnetic coupling between B’ and B” sublattices has been 
enhanced, which is apparently due to an increase in the degree of Fe (Ni) and Mo 
cation ordering among the B sites. The dependence of magnetization on the relative 




intensity ratio I(101)/[I(112)+I(200)], which can be used as a measure for the B-site 
long-range order, is plotted in Figure 6.8 (b). The magnetization increases almost 

























































































Figure 6.8 (a) Dependence of magnetization on Ni doping level x for 
Sr2(Fe1-xNix)MoO6; (b) Dependence of magnetization on the relative intensity ratio 
I(101)/[I(112)+I(200)]. 
 




Temperature dependence of the normalized magnetization M(T)/M(300 K) (measured 
at 0.05T) for Sr2(Fe1-xNix)MoO6 (0.00 ≤ x ≤ 0.20) is shown in Figure 6.9. To perform 
a reliable analysis on the effect of Ni doping on the Curie temperature in 
Sr2(Fe1-xNix)MoO6, two different methods were used to determine Tc: (i) a linear 
extrapolation of M(T) to zero magnetization (Figure 6.9 main panel), and (ii) 
determination of the inflexion point of transition by using the first numerical 
derivative dM/dT, as shown in Figure 6.9 inset. The Curie temperatures extracted by 
these two methods are collected in Figure 6.10 (a). It can be observed that Tc is 
progressively raised by the increasing level of Ni doping. Tc increases almost linearly 
with the doping level x, at a rate of about d(Tc)/dx = 1 K/% of Ni at the B site. It can 
also be seen that the values obtained from extrapolation are ∼16 K higher than those 
calculated from the derivative method.  
 
The enhancement in Curie temperature for Ni-doped Sr2FeMoO6 can be accounted for 
by considering the effect of Ni doping on the B-site long-range order. In Figure 6.10 
(b), the Curie temperatures are plotted against the relative intensity ratio 
I(101)/[I(112)+I(200)]. In both calculations, there is a near linear correlation between the 
Curie temperature and the degree of B-site long-range order. The extrapolated Tc 
values indicate the onset of spontaneous ferromagnetism, which correlates to the 
contribution from the strongest magnetic interactions. On the other hand, the 
derivative approach provides a measure for the long-range ferromagnetic behavior, 
which is related to the average intensity of the magnetic interactions [121]. The results 




suggest that the magnetic interactions are reinforced by Ni doping, where an 
increasing degree of B-site long-range order occurs. Such effects of B-site ordering 
caused by Ni doping on the magnetic interactions in Sr2(Fe1-xNix)MoO6 are rather 
different from those of B-site ordering on the magnetic interactions in pure 
Sr2FeMoO6, where the strongest magnetic interactions are weakened with an 
increasing degree of B-site ordering [121].   
 
 





































Figure 6.9 Temperature dependence of the normalized magnetization, M(T)/M(300 K), 
(measured at 0.05 T) for Sr2(Fe1-xNix)MoO6; The inset shows the derivative of the 
magnetization, dM/dT, for the same samples. 
















































Figure 6.10 (a) Dependence of the Curie temperature, derived from two different 
criteria, on the level of Ni doping x; (b) Dependence of the Curie temperature, derived 
from two different criteria, on the relative intensity ratio I(101)/[I(112)+I(200)]. 




6.4 Rietveld Refinement 
 
6.4.1 B-site Long-range Order  
Detailed quantitative Rietveld analysis of the XRD profiles was performed using 
LHPM-Rietica program in this project. In the Rietveld refinements, it was assumed 
that all Ni ions occupy the Fe sites, by considering the large difference of ionic sizes 
between Ni2+ and Mo5+ (Mo5+: 0.63Å; Fe3+: 0.65Å; Ni2+: 0.70Å). Because of the nearly 
identical X-ray atomic scattering factors between Fe and Ni, it was not attempted to 
distinguish them in the refinements. The crystal structure was refined in the I4/m 
space group. During refinements, the individual population parameters g of Fe (Ni) 
and Mo at the two B-cation sites were allowed to vary freely under the constraints that 
the overall occupancy of both sites is 100% and the amounts of Fe (Ni) and Mo 
cations are in the nominal 1:1 atomic ratio. The B-site long-range order parameter S 







where g is the refined population parameter of Mo at the “right” Mo site (2b) and FMo 
is the atomic fraction of Mo among the B-site atoms (FMo=0.5 in the present case). 
Figure 6.11 illustrates the profile agreement for Sr2(Fe0.8Ni0.2)MoO6, showing that the 
calculated profile gives a reasonably good fit to the experimentally observed one. The 
structural parameters and figures of merit from the refinements are summarized in 
Table 6.1.  

























Figure 6.11 Room temperature XRD Rietveld profile for Sr2(Fe0.8Ni0.2)MoO6 using 
the space group I4/m. Observed (black solid triangles) and calculated (red solid line) 
intensities are shown together with their difference (green curve at the bottom). The 






Rp   = 6.59% 
Rwp  = 7.92% 
χ2    = 1.882 




Table 6.1 Structural parameters and reliability factors from the Rietveld refinements 




I4/m  (Z = 2) x=0.00 x=0.05 x=0.10 x=0.15 x=0.20 
a (Å) 5.5714(2) 5.5701(1) 5.5681(3) 5.5667(2) 5.5652(3)
c (Å) 7.9029(1) 7.9014(2) 7.8988(1) 7.8969(2) 7.8949(2)
V (Å3) 245.31 245.15 244.89 244.71 244.52 
1-√2a/c 0.00301 0.00305 0.00308 0.00309 0.00311 
Mo population 
parameter g at 2(b) 
0.7920 0.8248 0.8694 0.9080 0.9661 
Rp (%) 6.76 7.32 6.38 5.69 6.59 
Rwp (%) 8.40 9.72 8.24 6.64 7.92 
χ2 1.821 1.953 1.811 1.665 1.882 
Long-range order 
parameter S 
0.584 0.650 0.739 0.816 0.932 
M (emu/g) 
(at 300K) 
20.73 22.49 23.79 25.52 26.85 




The long-range order parameter S of Fe (Ni) and Mo cations among the octahedral B 
sites is plotted in Figure 6.12 (right Y axis) against Ni doping level x. Agreeing with 
the relative intensity ratio IR (left Y axis), the long-range order parameter was 
enhanced significantly by Ni doping, from S = 0.584 for x = 0 to S = 0.932 for x = 
0.20, and increases almost linearly with the level of Ni doping. The order-disorder 




transition of B cations in double perovskites A2B’B”O6 was previously addressed [40, 
127]. One of the requirements for a long-range ordering is an enlarged difference in 
ionic size and valence between B’ and B” cations. If the charge difference between B’ 
and B” is greater than 2, a complete ordering occurs, for instance, in the A2B2+B6+O6 
and A2B+B7+O6 type perovskites. As a matter of fact, the differences in cationic size 
and charge between Ni2+ and Mo5+ are larger than those between Fe3+ and Mo5+. 
Therefore, substitution of Fe3+ by Ni2+ will undoubtedly facilitate the formation of an 
ordered structure.     
 










































Figure 6.12 Left Y axis: dependence of the relative intensity ratio I101/(I112+I200) on Ni 
doping level x; Right Y axis: B-site long-range order parameter S as a function of Ni 
doping level x. 




6.4.2 Structural Parameters 
 
The variations of lattice parameters and unit cell volume with Ni doping level x in 
Sr2(Fe1-xNix)MoO6 are depicted in Figure 6.13 (a) and (b). Both the unit cell 
dimensions a and c decrease monotonously with increasing level of Ni doping. 
Consequently, the unit cell volume decreases with the increasing level of Ni doping. 
Considering the steric effect from Ni doping, the unit cell volume of 
Sr2(Fe1-xNix)MoO6 is expected to expand with Ni doping due to the larger ionic size of 
Ni2+, as compared to that of Fe3+. Therefore, the observed volume contraction cannot 
be accounted for by the steric effect. In fact, the observed decrease in unit cell volume 
with the increasing level of Ni doping can be readily rationalized by the increase in 
the degree of ordering on the octahedral B sites. In a disordered system, there would 
be some Fe-O-Fe and Mo-O-Mo patches, which have been confirmed by neutron 
powder diffraction [40]. The highly charged Mo5+ cations in the Mo-O-Mo 
configurations create an extra electrostatic repulsion in the lattice, which is seen as an 
expansion of the lattice dimensions [127]. The evolution of the tetragonal distortion 
parameter, defined as 1-√2a/c, with Ni content, is represented in Figure 6.14. 
Obviously, the lattice becomes more tetragonal with the increasing level of Ni doping. 
The structure of Sr2FeMoO6 can be described by considering an octahedral tilting 
along the c axis. The tilting, consequently the tetragonality of the lattice, is promoted 
by Ni doping as a consequence of the B-site ordering.    
 




















































Figure 6.13 (a) Variation of lattice parameters with Ni doping level x. (b) Variation of 
unit cell volume with Ni doping level x. 






















Figure 6.14 Lattice tetragonal distortion (1-√2a/c) as a function of Ni doping level x. 
 
 
6.4.3 Dependence of Magnetic Properties on B-site Ordering  
 
The dependence of magnetization on the B-site long-range order parameter S is 
plotted in Figure 6.15, where the magnetization of Sr2(Fe1-xNix)MoO6 increases 
almost linearly with the long-range order parameter. A linear relationship of MS = a + 
b × AS (AS is anti-site B cation disorder defects and a, b are fitting parameters) has 
often been used to describe the dependence of low temperature magnetization on the 
B-site disorder defects for Sr2FeMoO6 [51, 53]. Interestingly, there exists a linear 




correlation between the room temperature magnetization and B-site long-range order 
in Sr2(Fe1-xNix)MoO6.   
 
In Figure 6.16, the Curie temperature calculated from the derivative method is plotted 
against the B-site order parameter S. Apparently, there is a linear correlation between 
the two parameters. The linear relationship between the Curie temperature and the 
long-range order parameter S can be fitted quite nicely to Tc = 376.9 + 59.4 S (Figure 
6.16). This suggests that the Curie temperature of Ni-doped Sr2FeMoO6 is raised by 
∼6 K when the long-range order parameter increases by 10%. Accordingly, the 
calculated Tc for the perfectly ordered crystal (S = 1.0) would be around 436 K, which 
agrees well with the prediction of the theoretical model by Cai et al [128]. It was 
suggested that both the antiferromagnetic interactions between the B’/B” sublattices 
and the ferromagnetic interactions induced by itinerant spin-polarized carriers from 
Mo cations should be considered for the magnetic interactions in Sr2FeMoO6. In the 
Ni-doped Sr2FeMoO6, Ni2+ cations not only affect the ordering at octahedral B sites 
but also mediate the valence equilibrium between Fe3+/Fe2+ and Mo5+/Mo6+. 
Consequently, the electronic itinerancy of the minority-spin carriers from Mo cations 
is affected. As a result, the magnetic interactions in Sr2FeMoO6 are significantly 
reinforced by Ni doping, which raises both the magnetization and Curie temperature 
in Sr2FeMoO6.       
    
 




















Figure 6.15 Dependence of magnetization for Sr2(Fe1-xNix)MoO6 (0.0 ≤ x ≤ 0.02) on 
the B-site order parameter S. 

















Figure 6.16 Dependence of the Curie temperature for Sr2(Fe1-xNix)MoO6 (0.0 ≤ x ≤ 
0.02) on the B-site order parameter S. The line is a least-square linear fit. 






A high Ni doping level (> 0.3) results in the presence of impurity phase and decreases 
the magnetization of Sr2FeMoO6. A single phase of polycrystalline Sr2(Fe1-xNix)MoO6 
(0.0 ≤ x ≤ 0.02) with double perovskite structure has been successfully synthesized 
via a mechanical activation route when MoO2 was used as the starting material. The 
long-range order parameter S among octahedral B sites in Sr2FeMoO6 is significantly 
enhanced by Ni doping, from S = 0.584 for x = 0 to S = 0.932 for x = 0.20. The B-site 
ordering results in a reduction in the lattice dimensions and unit cell volume, as well 
as an increase in the lattice tetragonal distortion. Consequently, magnetization of 
Ni-doped Sr2FeMoO6 is enhanced, due to the strengthening of antiferromagnetic 
coupling between B’ and B” sublattices. Sr2(Fe1-xNix)MoO6 (0.0 ≤ x ≤ 0.02) exhibits 
an linearly increasing magnetization at room temperature with the increasing level of 
Ni doping and thus the degree of B-site ordering. The Curie temperature is also raised 
significantly by the increasing level of Ni doping, from Tc = 411 K for x = 0 to Tc = 
432 K for x = 0.20, due to the enhancement in B-site ordering and magnetic 
interactions.  









In this project, a novel mechanical activation route was developed to synthesize 
double perovskite Sr2FeMoO6. First of all, the effects of mechanical activation on the 
phase formation and magnetoresistance of MoO3-based Sr2FeMoO6 were investigated. 
Sr2FeMoO6 with minimal level of SrMoO4 impurity was realized by 25 hours of 
mechanical activation of SrO, Fe2O3 and MoO3 in a nitrogen atmosphere. A single 
phase of double perovskite Sr2FeMoO6 was obtained at 700 °C in flowing 5% H2/Ar, 
which is about 200 °C lower than what is required in the conventional solid state 
reaction. The polycrystalline Sr2FeMoO6 exhibited an average crystallite size in the 
range of 30 to 50nm, increasing with an increase in temperature in the range of 600 
°C to 900 °C. The magnetization of thus derived Sr2FeMoO6 increases when the 
temperature was raised from 700 °C to 900 °C, due to the enhancement in crystallinity 
and grain size as well as B-site ordering. Magnetoresistance of MoO3-based 
Sr2FeMoO6 also increases with an increase in thermal treatment temperature, which is 
attributed to the elimination of insulating SrMoO4 impurity and enhancement in B-site 
ordering.    




Secondly, the effects of both mechanical activation and sintering temperature on the 
phase formation and magnetoresistive behaviors of MoO2-based Sr2FeMoO6 were 
studied. By changing the starting material from MoO3 to MoO2, a single phase of 
Sr2FeMoO6 with double perovskite structure was successfully synthesized in air via 
mechanical activation. Polycrystalline Sr2FeMoO6 with grain sizes in the nanometer 
range was then obtained by sintering the mechanically activated composition in Ar. 
Due to the effective elimination of nonmagnetic SrMoO4 impurity, the magnetization 
of MoO2-based Sr2FeMoO6 increases when increasing mechanical activation time. 
Similarly, the MR effect also increases with increasing mechanical activation time up 
to 25 hours, due to the elimination of SrMoO4 impurity phase and the refinement in 
grain size. However, too long a mechanical activation time led to excess 
contamination by Fe and thus reduced the MR effect of Sr2FeMoO6. 
 
Further, a single phase of MoO2-based Sr2FeMoO6 derived from mechanical 
activation was achieved in Ar in the temperature range of 800 °C to 1100 °C. The 
B-site ordering in Sr2FeMoO6 was systematically enhanced by increasing sintering 
temperature in the range of 800 °C to 1100 °C. Consequently, the magnetization of 
Sr2FeMoO6 is significantly enhanced by high temperature sintering. 
Magnetoresistance of MoO2-based Sr2FeMoO6 sintered at different temperatures 
ranging from 800 °C to 1100 °C also increases with the increase in sintering 
temperature, which is mainly attributed to the increase in B-site long-range order. 
 




Thirdly, the effects of Ni doping on the B-site ordering and magnetic behaviors of 
double perovskite Sr2FeMoO6 were systematically investigated. A high Ni doping 
level (> 0.3) results in the occurrence of impurity phase and decreases the 
magnetization in Sr2FeMoO6. A single phase of polycrystalline Sr2(Fe1-xNix)MoO6 
(0.0 ≤ x ≤ 0.02) with double perovskite structure has been successfully synthesized 
via mechanical activation by using MoO2 as the starting material. The long-range 
order parameter S among octahedral B sites is significantly enhanced by Ni doping, 
from S = 0.584 for x = 0 to S = 0.932 for x = 0.20. The B-site ordering results in a 
reduction in the lattice dimensions and unit cell volume, as well as an increase in the 
lattice tetragonal distortion. Consequently, magnetization of Ni-doped Sr2FeMoO6 is 
enhanced, due to the strengthening of antiferromagnetic coupling between B’ and B” 
sublattices. Ni-doped Sr2FeMoO6 exhibits a linearly increasing magnetization at room 
temperature with the increasing level of Ni doping and thus the degree of B-site 
ordering. The Curie temperature is also raised significantly by the increasing level of 
Ni doping, from Tc = 411 K for x = 0 to Tc = 432 K for x = 0.20, which is due to the 
enhancement in B-site ordering and magnetic interactions. 
 




7.2 Suggestions for Future Work 
 
Double perovskite Sr2FeMoO6 has been widely prepared via conventional solid state 
reaction by using MoO3 as the starting material in a reducing atmosphere. In this 
research project, a single phase of double perovskite Sr2FeMoO6 has been 
successfully synthesized in air for the first time by using MoO2 as the starting material 
via mechanical activation. It would be of interest to further investigate and compare 
the possible differences in crystal structure, valence state, saturation magnetization, 
and magnetoresistance between the Sr2FeMoO6 derived from mechanical activation 
with those formed by solid state reaction. For this, low temperature magnetization and 
magnetoresistance measurement, Mossbauer spectroscopy, and detailed structure 
refinement analysis could be done to compare the structure and properties of the 
Sr2FeMoO6 formed from different routes. 
 
Ni doping at octahedral B sites via mechanical activation was found to progressively 
raise both the room temperature magnetization and Curie temperature in double 
perovskite Sr2FeMoO6. It would be of great interest to further investigate the effects 
of Ni doping on the magnetic structure, saturation magnetization, and 
magnetoresistance of Sr2FeMoO6. Yuan et al [59] have found that the substitution of 
Fe3+ by Cu2+ induces a transition from semiconductor and metal behavior and the 
transition temperature decreases with the increasing level of Cu doping. Therefore, 




further investigation of the electrical resistivity and electro-transport properties of 
Ni-doped Sr2FeMoO6 would be of particular interest.  
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